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Postural instability is a major risk factor for falls.291,307 These falls are highly preva-
lent among older individuals (~0.65 falls per person year),37,221,249,279 but even more 
so in people with neurological conditions such as stroke (1.3-6.5 falls per person 
year)2,16,102,125,134,154,160,161,218-220,271,272,274,307 or Parkinson’s disease (0.84-1.85 falls per 
person year).233 Consequences of falls can be serious, both physically and psycho-
socially.54,150,268 A hip fracture, occurring following 1-2% of the falls,37,279 is one of the 
most serious physical consequence as it often results in long term disability and loss of 
ADL independence.54 Moreover, reported mortality rates within the first year after a hip 
fracture are over 20%.54 Psychosocial consequences of falls are often underestimated, 
but can be serious as well.150 Individuals who have experienced a fall often develop fear 
of falling and may subsequently avoid physical activities.150,298 These activity restrictions 
lead to even further decline of physical capacities and even a further increased fall 
risk.298
Fall prevention programs often involve exercises to improve postural stability. Such 
programs effectively reduce the number of falls in older individuals91 and individuals 
with Parkinson’s disease (PD).260 However, similar type of programs often fail to do so in 
people after stroke.299 This lack of effectiveness is most likely the result of mechanisms 
underlying postural instability being different in these disease populations than in ‘heal-
thy older’ individuals. In fact, patterns of instability may even vary greatly across patients 
within the same disease population given the heterogeneous presentation of many cen-
tral nervous system disorders. For development of effective fall prevention interventions 
in these patient populations, it is crucial to understand the disease-specific, or even 
patient-specific, mechanisms of postural instability. The central aim of this thesis was, 
therefore, to obtain better insight in mechanisms of postural instability in individuals with 
central nervous system lesions. I used stroke and PD as two complementary disease 
models. Using these two disease models provides insight in how damage to the pyrami-
dal (stroke) and extrapyramidal (Parkinson) system affect postural stability. The models 
are also complementary in that stroke is an acutely developing neurological condition 
(with variable improvements occurring over time), whereas PD has an insidious onset, 
followed by relentless progression. These different time courses may impact on the 
patients’ abilities to compensate for their deficits. Furthermore, it will provide insight in 
how a purely lateralized disease (stroke), affects postural stability in a direction-specific 
manner.   
10
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StroKe
Each year 54,200 people in the Netherlands sustain a first ever stroke and the total 
number of stroke survivors is 411,100.242 Stroke is an acute vascular condition of the 
brain and can result either from hemorrhage or infarction of the intracranial arteries. 
Recovery of function takes place particularly during the first 3 to 6 months post-stroke. 
During this sub-acute post-stroke period, patients often receive rehabilitation treatment. 
Yet, most individuals in the chronic phase after stroke still experience marked residual 
symptoms.
Postural instability is one of the most disabling consequences of a stroke, because of its 
great impact on mobility and independence in activities of daily living.26,79,139,158,254 When 
standing quietly on a force platform people after stroke demonstrate increased postural 
sway (i.e. poorer stability) compared to controls, as demonstrated by larger center of 
pressure amplitudes and velocities.61 Moreover, they tend to bear more weight on the 
non-paretic leg and this weight-bearing asymmetry (WBA) has shown to be associated 
with larger postural sway.177,250 Because of this association, WBA has sometimes been 
regarded as a cause of post-stroke postural instability. However, it has also been argued 
that WBA may be a compensatory strategy for the poor balance correcting responses 
in the paretic leg.246,289 
When standing balance is perturbed, for instance by moving the support surface, people 
after stroke demonstrate delayed and reduced activity in the leg muscles on the paretic 
side that are used to stabilize the body.10,146,176 Moreover, the sequence of paretic leg 
muscle activation following balance perturbations is disrupted, indicating that muscle 
coordination of postural responses is impaired after stroke.10,176 
Following larger balance perturbations, reactive stepping is an important strategy to 
recover balance. These stepping responses have shown to be greatly impaired after 
stroke. For instance, they demonstrate a delayed onset of the step,127,252 reduced step 
length252 and a poorer dynamic stability at the instant of stepping foot contact.252 It 
remains to be investigated which of these determinants are the most critical for succes-
sful balance recovery.  
PArKINSoN’S DISeASe
Parkinson’s disease is a common neurodegenerative disorder that affects approximately 
35,000 persons in the Netherlands.243 Parkinson’s disease is characterized by progres-
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sive development of motor symptoms (rigidity, resting tremor and bradykinesia)123 as 
well as a wide range of non-motor symptoms (cognitive disorders, mood disorders and 
sleep disorders).255 Motor symptoms are typically unilateral in the very initial stages 
of the disease, but soon become bilateral in all patients (although the initially affected 
side remains most severely affected throughout the course of the disease). With further 
disease progression, patients with PD often experience freezing of gait and postural 
instability.92 These two symptoms are the most important risk factors for falls in PD 
patients.184,234 
Postural instability in patients with PD is most pronounced in the backward direc-
tion.41,117 Therefore, the pull test, which assesses the ability to recover balance after 
a manual and backward directed shoulder pull, is typically used in clinical practice to 
identify patients with postural instability. It was further shown that, when PD patients 
experience a balance perturbation, they have problems in scaling the magnitude of 
their postural muscle responses to the expected intensity of the perturbations13,118 and 
they demonstrate underscaling of their reactive stepping responses.130,143 Hence, the 
inability to adequately scale balance correcting responses probably contributes to the 
increased fall risk of PD patients. 
Despite years of research in this area, it remains insufficiently understood which neural 
systems underlie postural instability in PD. This partially explains why the currently 
available therapeutic options to improve postural stability remain suboptimal. Many 
symptoms and signs of PD are typically attributed to dopaminergic depletion in the basal 
ganglia245 and the most common treatment of PD involves pharmacological suppletion 
of dopamine. Based on the current literature, it remains unclear whether or not this 
dopaminergic medication improves postural stability, and if so, which elements of the 
balance repertoire improve.19,22,118,168,216 It is quite possible that neural substrates other 
than the dopaminergic cells in the basal ganglia are also involved in causing postural 
instability in PD patients. For example, brainstem circuits, which include among others 
cholinergic systems, have also been shown to be involved in the pathophysiology of 
PD.245 It remains unknown whether deficits in these networks contribute to postural 
instability in Parkinson patients.
PoSturogrAPhy
Posturography is often used to assess the different aspects of postural instability. It in-
volves instrumented assessment of balance control under different conditions, and can 
be divided into static and dynamic techniques. With static posturography quiet standing 
12
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balance is typically assessed using force plates. The amount of body sway, as quantified 
by center of pressure excursions, is often used as a measure of postural stability. In daily 
life situations, however, we experience countless perturbations in all directions. These 
perturbations can be either caused by self-induced movements (internal perturbations) 
or by external factors (external perturbations). To prevent these perturbations from 
resulting in a fall, adequate balance recovery strategies are of fundamental importance. 
This thesis therefore focused on the quality of these balance correcting responses that 
were assessed by applying standardized postural perturbations in a laboratory set-
ting (dynamic posturography).53,209 As such, dynamic posturography can very closely 
resemble real life fall circumstances and is an ecologically valid balance assessment 
method with respect to daily life falls. In my thesis I used a moveable platform to perturb 
standing balance (Radboud Falls Simulator, Figure 1). This platform could deliver large 
translational perturbations across the horizontal plane. 
Figure 1. The Radboud Falls Simu-
lator
13
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BAlANCe CAPACIty
In this thesis, the term balance capacity will be used to refer to an individual’s ability to 
overcome balance perturbations. Balance capacity can be assessed in the laboratory 
by applying balance perturbations of increasing magnitude until a participant fails to 
recover balance. This method was used by previous authors to investigate the maxi-
mum capacity of feet-in-place balance capacity.55,193,270 Perturbation magnitude was 
increased up to the point where participants could no longer recover balance without 
stepping. It was shown that this so called single stepping threshold was predictive for 
future daily life falls in older individuals and thus seems an ecologically valid outcome 
measure.270 Another essential aspect of balance recovery is reactive stepping to restore 
balance when feet-in-place responses eventually fail (i.e. perturbations above the single 
stepping threshold). Here, we used a protocol similar to the single stepping threshold 
protocol to assess the maximum capacity for reactive stepping (multiple stepping 
threshold). Participants were instructed to recover from the perturbations with a single 
step and perturbation magnitude was increased until they failed to do so. Both single 
and multiple stepping thresholds have shown to deteriorate with age.55,312 It remains to 
be investigated how these outcomes are affected by neurological disorders. In addition, 
critical determinants for age and disease-related declines in maximum balance capacity 
remain to be identified.
SteP quAlIty
Reactive steps can be characterized by many different outcome variables. Traditionally, 
outcomes like step onset, step length, step duration and step velocity are often used to 
quantify the quality of the step.225,252,275,312 Indeed, such outcomes become impaired with 
aging98,120,142,162,163,165,275,312,313 or in populations with neurological disorders.127,143,172,175,263 
In order to reliably assess the quality of reactive stepping in these populations, it is 
crucial to identify which of these variables are most critical for successful balance re-
covery. A previous study in healthy young individuals309 already revealed that following 
large backward perturbations, the body configuration at the instant of first stepping 
foot contact (vertical leg and trunk inclination angle) could correctly classify 96% of the 
recovery attempts as successful (no fall) or failed (fall on the mattress). It remains to be 
investigated whether such a simple biomechanical model is sufficient to quantify step 
quality in a much more heterogeneous group of neurological patients. 
14
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ASSeSSMeNt oF PoSturAl reSPoNSeS AND MuSCle 
CoorDINAtIoN
Automatic postural muscle responses (APRs) are the first line of defense against ba-
lance perturbations. APRs can observed with latencies as fast as 100 ms after the start 
of the perturbation.72 These latencies can vary depending on age314,315 or perturbation 
intensity.215 People with stroke demonstrate deficits in onset10,146,176 and amplitude of the 
APR,146 which is associated with a greater likelihood of perturbation induced falls.176 The 
strength of this association, however, was not yet quantified. By assessing the associ-
ation between APR characteristics and balance capacity we aimed to investigate how 
important these very early responses are for the ability to recover from balance pertur-
bations. Although postural responses seem very reflex-like, these responses are actu-
ally highly coordinated and tuned in response to specific perturbation directions.106,285,286 
As stroke comes with pronounced deficits in muscle coordination, we hypothesized that 
coordination of muscle responses following balance perturbations would be affected by 
stroke as well. A state of the art computational technique that has proven to be highly 
insightful in stroke-related coordination deficits is ‘muscle synergy analysis’.21,281 For 
this analysis technique, it is assumed that the nervous system controls functional motor 
modules or muscle synergies (i.e. groups of muscles), rather than individual muscles.281 
Each motor module is activated by a single neural command (activation coefficient, 
Figure 2). Factorization algorithms are used to extract these motor modules and their 
activation coefficients from multi-channel muscle recordings.155
The idea of modular control has emerged from the observation that the musculoskeletal 
system is highly redundant in terms of the combinations of muscles that can be used 
to fulfill a motor task.20,281 Organizing motor output in functional modules would be a 
solution to overcome this ‘redundancy problem’ and to simplify motor control. Muscle 
synergy analysis has been proven insightful in understanding motor control deficits 
during upper extremity tasks and during gait.4,47,51,83 An important finding was that on the 
paretic side of people with stroke ‘healthy motor modules’ were merged into ‘pathologi-
cal modules’.4,47,51 In other words, people after stroke lack the ability to independently 
control motor modules. This observation is consistent with the clinical concept of loss 
of motor selectivity after stroke. Deficits in motor modules for postural control following 
stroke have not been studied. This could, however, provide highly valuable insight in 
underlying mechanisms of post-stroke postural instability. In addition, insight in stroke-
related deficits in coordination of postural responses could improve our understanding 
of the role of the cerebral hemispheres in postural control. 
15
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StArtreACt PArADIgM
A startle reflex can be evoked by startling stimuli, such as a loud tone.288 The startle 
reflex is the fastest generalized motor response and is typically observed in the sterno-
cleidomastoid muscle.288 A startle reflex results from activation of the reticulospinal mo-
tor pathway originating from the pontomedullary reticular formation (pmRF).208 Startling 
stimuli are able to accelerate motor responses. This so called StartReact phenomenon 
applies to both voluntary movements and to postural responses.208 The proposed me-
chanism underlying the StartReact effect is that a startling stimulus triggers the release 
of a motor program stored subcortially, probably in the pmRF.208 The occurrence of a 
StartReact effect in postural responses has led to the idea that the pmRF is involved in 
postural control.208 
The symptoms and signs of Parkinson’s disease have long been attributed to dys-
function of the dopaminergic system. However, there is emerging evidence that va-
rious non-dopaminergic pathways are involved in the neurodegenerative process as 
well.217,277 Particularly brainstem structures, such as the pedunculopontine nucleus and 
the pmRF, are likely involved in the pathophysiology of PD.277 To get insight in the 
possible involvement of these brainstem structures to postural instability in PD, we 
Figure 2. Muscle synergy analysis. This figure schematically displays how the total pattern of muscle 
activation can be described by a linear combination of motor modules. The left column displays the 
motor modules with the bars representing the weighting of each muscle in the motor module. The 
middle column shows the activation coefficient for each module which represents its recruitment over 
time. The total pattern of activity across all muscles (right column) can be reconstructed by multiply-
ing the muscle weightings with the activity coefficient of each motor module.
16
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evaluated the StartReact effect on postural responses in PD patients with and without 
postural instability. 
outlINe oF the theSIS
The aim of this thesis was to better understand the mechanisms underlying postural 
instability resulting from pyramidal lesions (stroke) and extrapyramidal lesions (Parkin-
son’s disease). For each of these two patient populations, I addressed disease-specific 
aspects of postural instability in order to 1) better understand how the pyramidal and 
extrapyramidal systems contribute to postural control and 2) provide new insight in 
stroke and PD-related postural instability that can contribute to the development of 
novel diagnostic tools and therapeutic interventions in each of these populations. In 
the stroke population I specifically focused on the effect of weight-bearing asymmetry 
and muscle coordination deficits on postural instability. In the PD group I addressed 
the function of brainstem structures in relation to postural instability and the potential 
benefits of dopaminergic medication. For both populations I investigated the disease-
related effects on postural muscle responses and the quality of reactive stepping after 
a balance perturbation. 
queStIoNS
1. How does weight-bearing asymmetry affect postural instability in post-stroke indivi-
duals? (chapters 2 and 3)
2. Which kinematic determinants are critical for successful reactive stepping post 
stroke? (chapter 4)
3. How do impaired postural responses in post-stroke individuals affect dynamic stabi-
lity? (chapter 5 and 6)
4. Do deficits in brainstem reticular networks contribute to postural instability in patients 
with Parkinson’s disease? (chapter 7 and 8)
5. Does dopaminergic medication improve postural stability in patients with Parkin-
son’s disease? (chapter 9)
In part 1 I addressed the impact of stroke-related deficits on postural stability. Chapter 
2 includes a systematic review on the association between weight-bearing asymmetry 
and postural instability in people after stroke. In chapters 3A and 3B I investigated the 
effect of weight-bearing asymmetry on dynamic postural stability in healthy individuals 
and in people with chronic stroke respectively using a within-subjects research design. 
17
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The aim of chapter 4 was to identify critical determinants of successful backward ba-
lance recovery in people after stroke. Based on a previous study conducted in healthy 
young individuals, I hypothesized that body configuration at first stepping foot contact 
could predict balance recovery outcome. In chapter 5 I investigated the influence of 
delayed and reduced paretic leg postural responses on maximum balance capacity. A 
stroke does not only come with delayed and reduced responses, but also with muscle 
coordination deficits. Therefore, the aim of chapter 6 was to identify deficits in muscle 
coordination during postural responses in people with chronic stroke. To address this 
aim I used a novel computational technique, ‘muscle synergy analysis’, that has previ-
ously shown to be insightful in addressing stroke-related deficits in muscle coordination 
in upper extremity tasks and during gait. 
Part 2 of this thesis describes the studies that were conducted in individuals with Par-
kinson’s disease. Chapter 7 includes a narrative review on postural instability in PD that 
also describes how dynamic posturography can help to unravel underlying mechanisms 
of postural instability in this patient population. In chapter 8 I tested the hypothesis that 
dysfunction of brainstem structures could contribute to postural instability in PD. The 
function of these structures was tested using the StartReact paradigm. As PD is often 
treated pharmalogically, using dopaminergic medication, chapter 9 includes a study in 
which I investigated the effects of this medication on the quality of stepping responses 
in individuals with PD. 
Chapter 10 concludes this work by giving a summary and a general discussion of the 
studies included in this thesis.

Chapter 2
Is weight-bearing asymmetry associated with postural 
instability after stroke? A systematic review
Published as:
Kamphuis JF, de Kam D, geurts AC, Weerdesteyn V. Is weight-bearing 
asymmetry associated with postural instability after stroke? A systematic 
review. Stroke res treat.;2013:p1-13. 
 
First and second author contributed equally
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ABStrACt
Introduction: Improvement of postural stability is an important goal during post-
stroke rehabilitation. Since weight-bearing asymmetry (WBA) towards the non-
paretic leg is common, training of weight-bearing symmetry has been a major 
focus in post-stroke balance rehabilitation. It is assumed that restoration of a more 
symmetrical weight distribution is associated with improved postural stability. 
Objective: To determine to what extent WBA is associated with postural instability 
in people after stroke. 
Methods: Electronic databases were searched (Cochrane, MEDLINE, EMBASE 
and CINAHL) until March 2012. Main eligibility criteria: 1) Participants were people 
after stroke. 2) The association between WBA and postural stability was reported. 
Quality of reporting was assessed with the STROBE checklist and a related tool 
for reporting of confounding. 
Results: Nine observational studies met all criteria. Greater spontaneous WBA 
was associated with higher center of pressure (COP) velocity and with poorer 
synchronization of COP trajectories between the legs (two and one studies, res-
pectively). Evidence for associations between WBA and performance on clinical 
balance tests or falls was weak. 
Conclusion: Greater WBA after stroke was associated with increased postural 
sway, but the current literature does not provide evidence for a causal relation-
ship. Further studies should investigate whether reducing WBA would improve 
postural stability.
21
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INtroDuCtIoN
Of all possible sensorimotor consequences of stroke, impaired postural stability 
probably has the greatest impact on gait and independency in activities of daily living 
(ADL).147,290 Indeed, to achieve improvement in walking capacity or ADL, improvement 
in standing balance is more important than improvement in leg strength.147 Moreover, 
balance impairments are a major risk factor for falls.307 Falling is a very common com-
plication after stroke, with as many as 50% to 70% of the people who return home from 
the hospital or rehabilitation center experiencing falls.161 These falls can have severe 
consequences such as hip fractures and decreased physical activity due to fear of 
falling.307 Improvement of postural stability is, therefore, an important goal in stroke 
rehabilitation.148,290 
Another common consequence of stroke is weight-bearing asymmetry (WBA). During 
quiet stance a substantial amount of WBA in favor of the non-paretic leg is commonly 
observed.8,194,250 Although asymmetry significantly improves during the first weeks of re-
habilitation, some degree of WBA persists (on average 10% more weight being borne on 
the non-paretic leg).12,61,169 This asymmetry increases during dual-task performance,61 
suggesting that weight-bearing on the paretic leg is not easily performed automatically. 
Historically, training of weight-bearing symmetry has been a major focus in balance 
rehabilitation after stroke. Facilitation of normal movement patterns and symmetry in 
weight bearing are among the key principles of the Bobath concept and related Neuro-
Developmental Treatment (NDT).149 These training approaches implicitly assume that 
restoration of a more symmetrical weight distribution is associated with improved 
postural stability.59 In the same vein, several specific interventions, such as compelled 
weight-bearing through shoe lifts and biofeedback training, have been developed to 
re-establish weight-bearing symmetry in people after stroke.8,45,46,58,293 Weight-bearing 
asymmetry was reduced by these interventions; however, whether this was associated 
with improvement of postural control was not reported. 
In order to better understand  the clinical meaning of weight-bearing asymmetry for ba-
lance rehabilitation after stroke, it is important to know how WBA and postural stability 
are correlated. The aim of this systematic review was, therefore, to determine to what 
extent WBA is associated with postural instability in people after stroke. For this review 
a broad definition of postural stability was chosen: “the ability of a person to maintain, 
achieve or restore balance, or to avoid falling”.235 
22
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MethoDS
A systematic review was conducted according to the PRISMA statement where ap-
plicable.196 It should be noted that the PRISMA statement was designed for systematic 
reviews of intervention studies and, therefore, several points could not be addressed 
in this study.
eligibility criteria
To be included studies had to meet the following eligibility criteria:
•	 Publication type: there were no restrictions on type of study, however, only papers 
published in peer-reviewed journals were included.
•	 Participants: subjects had to have sustained a stroke, regardless of stroke type or 
post-stroke duration.
•	 Outcome measures: the study contained data on the association between WBA 
and (any measure of) postural stability. Intervention studies aimed at restoring 
weight-bearing symmetry were only considered for inclusion if they reported on the 
association between WBA and postural stability. Measures for WBA were accepted 
if they quantified the differences in weight borne on either leg.
•	 Language: the study was written in the English, German or Dutch language.
Information sources
Studies were identified by searching the following electronic databases; Cochrane, 
MEDLINE, EMBASE and CINAHL. The search was conducted by the first author (JK) 
in March 2012. There were no restrictions regarding publication date. In addition, refe-
rence lists of the included studies were screened for potentially eligible studies.
Search strategy
The following MESH terms were used for the search in MEDLINE: 
•	 "Stroke", "Brain Infarction", "Cerebrovascular Disorders", "Brain Ischemia", "Paresis", 
"Hemiplegia", "Intracranial Hemorrhages", "Intracranial Embolism and Thrombosis" 
•	 “Weight-Bearing” 
•	 "Postural Balance", "Posture"
Details on the full search strategy in MEDLINE are available in Appendix 1. For the 
other databases the same terms were used where possible.
Study selection
Study selection was initially performed by the first author (JK) and then checked by the 
second author (DK). First, the titles and abstracts of the publications retrieved by elec-
23
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tronic searching were screened. Second, potentially eligible studies were retrieved full 
text before definitive inclusion. In the case of disagreement between the two authors, 
the last author (VW) was consulted to decide whether a study was included.
Data extraction
Data were extracted from the studies by JK and then checked by DK. The extracted 
data were discussed until consensus was reached. In the case of disagreement the last 
author (VW) was consulted. No specific form was used for data extraction, however, the 
outcomes to be extracted were defined a priori. The following information was extracted 
from each study:
•	 Author and year of publication
•	 Study design
•	 Number of participants
•	 Demographic participant characteristics: age and time post stroke.
•	 Baseline measures of stroke severity
•	 Baseline measures of clinical balance and/or ambulatory performance
•	 Dependent measures of postural stability
•	 Statistics for association between WBA and postural stability.
Definition of measures of postural stability
Of each study we summarized the reported results regarding the association between 
postural stability and WBA, regardless whether this association was the focus of the 
original study or not (Table 1). Because a variety of measures of postural stability have 
been reported in the literature, they were categorized by the methods of data collection:
•	 quiet standing posturography: postural sway measured with force plates, usually 
expressed as Center Of Pressure (COP) amplitude or COP velocity.
•	 dynamic posturography: postural responses to balance perturbations. These re-
sponses are measured quantitatively in terms of COP excursions, muscle onset 
latencies, kinematic parameters etcetera.
•	 clinical balance tests. These tests are typically used by clinicians to evaluate ba-
lance performance during functional tasks such as reaching or one-legged standing. 
•	 falls in daily life. The ultimate consequence of postural instability is falling. There-
fore, the number of falls in daily life was also considered as a measure of postural 
stability.
Results regarding the association between postural stability and WBA were presented 
as:
•	 Positive: if greater WBA was associated with more postural instability
•	 Negative: if greater WBA was associated with less postural instability
24
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quality of reporting in individual studies
In a recent systematic review it was concluded that there is currently no quality as-
sessment tool available for observational studies.253 We, therefore, used a checklist for 
authors of observational studies that was developed by a group of expert methodolo-
gists, researchers and editors: “Strengthening the Reporting of Observational Studies 
in Epidemiology” (STROBE) to globally assess the reporting quality of the included 
studies.305 Although this checklist was not intended as a quality assessment tool, the 
items were considered relevant by a group of experts in the field. Scoring definitions 
were derived from the STROBE “Explanation and Elaboration” document and are avai-
lable in Appendix 2.294 
The risk of bias of the included studies was assessed with an instrument developed by 
Groenwold and co-workers.95 This tool was specifically designed to rate the report of 
confounding bias in observational studies based on the STROBE statement.
All included studies were scored by JK and DK independently. Discrepancies were 
discussed between the two authors until consensus was reached. If necessary, a third 
assessor (VW) was consulted.  
reSultS 
Study selection
A total of 247 articles were retrieved by electronic searching. After screening of titles and 
abstracts 14 articles were selected. Finally, after full text reading of these 14 articles, 
nine studies met the eligibility criteria (Figure 1). 
Study characteristics
Characteristics of the nine included studies are reported in Table 1. Seven were cross-
sectional studies and two were longitudinal cohort studies. However, one longitudinal 
study analyzed the association between WBA and postural stability cross-sectionally 
and was, therefore, regarded as a cross-sectional study.246 Seven of the nine included 
papers were originally designed to determine the association between WBA and a 
measure of postural stability.169,177,179,229,232,250,289 In the other two studies this association 
was reported as a secondary analysis or it could be extracted from a larger regression 
model.173,246 
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Figure 1. Flow chart of systematic review of weight-bearing asymmetry (WBA) related to postural 
control
Descriptive data on balance and gait capacities of the subjects was provided in all 
studies except two.229,250 These functional capacities varied greatly between the studies, 
from a Berg Balance Scale (BBS) of 4 points169 at the lower end, up to a maximum BBS 
score of 56169,173,289 or being able to walk independently without supervision (Functional 
Ambulation Categories 4-5).232,246,289 As for measures of postural stability, quiet standing 
posturography was done in five studies,169,173,177,232,246 dynamic posturography in two stu-
dies,179,289 clinical balance tests in two studies,173,229 and number of falls was recorded 
in two studies.173,250 The study by Mansfield et al. assessed postural control using all 
categories except dynamic posturography.173
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2
quality of reporting in individual studies
The quality of reporting of individual studies according to the STROBE criteria and the 
scores on the risk-of-bias checklist are shown in Tables 2 and 3. The criteria for the 
reporting of study rationale, objectives, outcome variables, data analysis and study 
results were satisfied in at least seven of the nine studies. Criteria for reporting re-
cruitment sites and methods of participant selection were only sufficiently reported in 
five and six studies, respectively. In addition, none of the studies clearly justified their 
sample size. The generalizability of the results was discussed in only five of the nine 
studies.
table 3. Reporting of confounding bias in individual studies95
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ck
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y 
(1
99
1)
N
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es
 
sa
tis
fie
d 
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ri
a
Reporting of reasons why potential confounders are selected 
for analysis 
0 0 1 0 1 0 0 0 0 2
Reporting of reasons to include confounders in final model 0 0 1 0 1 0 0 0 0 2
Reporting of characteristics of key confounders 0 0 1 0 0 0 0 0 0 1
Any method used to control for confounding 0 0 1 1 0 0 0 1 0 3
Reporting of both crude and adjusted effect estimate 0 0 1 0 0 0 0 0 0 1
Comment on likelihood of unobserved confounding 1 0 1 0 1 1 0 0 1 5
Reporting of a qualitative statement on the direction of the 
potential effect of unobserved confounding 
0 0 1 0 1 0 0 0 0 2
Sensitivity analysis used to estimate potential impact of 
unobserved confounding 
0 0 0 0 0 0 0 0 0 0
total score 1 0 7 1 4 1 0 1 1
For the reporting of confounding bias only one study scored seven points (out of 8).173 
The remaining studies had a total score of four points or less (Table 3). Three studies 
applied a method to correct for potential confounders in their analysis,173,179,246 however, 
only two studies justified their choice for the selection of potential confounders.173,179 The 
possibility of unobserved confounding was discussed in five of the studies.173,177,229,250,289 
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table 2. Reporting quality of individual studies according to the STROBE criteria
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an
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nk
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(1
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1)
Pr
op
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tio
n 
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s 
th
at
 
sa
tis
fie
d 
cr
ite
ri
a
1a 0 0 1 0 0 0 0 1 0 2/9  (22 %)
1b 1 1 1 1 1 1 1 1 1 9/9  (100 %)
Background/ rationale 2 1 1 1 1 1 1 0 1 1 8/9  (89 %)
objectives 3 1 1 1 1 1 1 1 1 1 9/9  (100 %)
Study design 4 0 0 0 0 0 0 0 1* 0 1/9  (11 %)
Setting 5 0 1 1 0 0 1 0 1* 1 5/9  (56 %)
Participants 6a 0 1 1 0 0 1 1 1* 1 6/9  (67 %)
6b 1 0 NA 0 0 NA 0 NA NA 1/5  (20 %)
Variables 7 1 1 1 1 1 1 1 1 1 9/9  (100 %)
Data sources/ 
measurement
8 1 1 1 1 1 1 1 1 0 8/9  (89 %)
Bias 9 0 0 1 1 1 0 0 1 0 4/9  (44 %)
Study size 10 0 0 0 0 0 0 0 0 0 0/9  (0 %)
quantitative variables 11 1 1 1 1 1 1 1 0 0 7/9  (78 %)
Statistical methods 12a 1 1 1 1 1 1 1 1 1 9/9  (100 %)
12b NA NA NA NA 1 1 NA 1 NA 3/3  (100 %)
12c 1 1 0 NA NA NA NA 0 1 3/5  (60 %)
12d NA NA NA NA NA NA NA 1* 1 2/2  (100 %)
12e 0 0 0 0 0 0 0 0 0 0/9  (0 %)
Participants 13a 0 0 0 0 0 0 0 0 0 0/9  0 (%)
13b NA 1 0 NA NA NA NA 0* 1 2/4  (50 %)
13c NA NA NA NA NA NA NA 0 0 0/2  (0 %)
Descriptive data 14a 1 1 1 1 1 0 1 1* 1 8/9  (89 %)
14b 1 1 0 1 1 1 1 0 1 7/9  (78 %)
14c NA NA 0 NA NA NA NA 1* 1 2/3  (67 %)
outcome data 15 1 1 1 1 1 1 1 1 1 9/9  (100 %)
Main results 16a 1 1 1 1 1 1 1 1 0 8/9  (89 %)
16b NA NA NA NA NA NA 1 NA NA 1/1  (100 %)
16c NA NA 0 NA NA NA NA NA NA 0/1  (0 %)
other analysis 17 NA NA NA NA 1 0 NA 1 1 3/4  (75 %)
Key results 18 1 1 1 0 0 0 1 1 0 5/9  (56 %)
limitations 19 1 0 1 1 1 0 0 1 1 6/9  (67 %)
Interpretation 20 1 0 1 1 1 0 0 1 1 6/9  (67 %)
generalizability 21 1 1 1 0 0 1 0 1 0 5/9  (56 %)
Funding 22 0 1 1 0 0 0 1 0 0 3/9  (33 %)
total score 17/26 18/27 19/28 14/25 16/27 14/26 14/26 22/31 17/30
Percentage 65% 67% 68% 56% 59% 54% 54% 71% 57%
* = Score is based on the original study of de Haart et al. 200461
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2
results of individual studies
Measures of postural stability varied considerably among the studies, even within each 
of the four categories. Therefore, meta-analysis of the data was not considered ap-
propriate. 
Definitions of weight-bearing asymmetry
In most studies WBA was expressed as a function of body weight (BW).169,173,179,232,289 
Most of the studies also considered the direction of WBA (towards the affected or un-
affected side),169,177,179,229,232,250 whereas others only calculated the absolute degree of 
WBA.173,246 In the remaining studies WBA was calculated as the loading ratio between 
the affected and unaffected leg,229 the difference between loading on the affected versus 
unaffected leg divided by 50% of body weight,177 or the deviation of the COP from the 
midline between the legs in the frontal plane.246,250 Due to these differences it was not 
possible to compare absolute effect sizes between different studies.  
Spontaneous and imposed weight-bearing asymmetry
In most studies participants were allowed to self-select their weight distribution (spon-
taneous WBA). In one study participants were instructed to stand as symmetrically as 
possible.246 In the experiment of Marigold et al. (2004), three different conditions of WBA 
were imposed within the same subjects.179
Associations between weight-bearing asymmetry and quiet standing 
posturography
The correlation between spontaneous WBA and quiet standing balance was determined 
in four studies.169,173,177,232 In another study, the association between imposed weight-
bearing symmetry and postural sway was reported.246 
Two cross-sectional studies with a total sample of 73 participants in the chronic phase 
after stroke analyzed the correlation of WBA with measures of postural sway.177,232 Both 
studies reported that greater WBA was associated with more postural sway. These 
associations were most evident for COP velocity, however, the explained variance was 
moderate (R2 = 0.18-0.25). The study by Roerdink et al. did not find a significant as-
sociation between WBA and total sway area.246 In this study, however, participants were 
instructed to stand as symmetrically as possible. 
In the two studies by Mansfield et al. the correlation was examined between WBA and 
between-limb synchronization of COP trajectories.169,173 Synchronization was expressed 
as the cross-correlation coefficient between the individual COP trajectories under the 
left and right foot. High correlation coefficients indicated that regulatory activity was 
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synchronized between the paretic and non-paretic leg and was interpreted as the two 
legs working together to control posture. In both studies, WBA was associated with low 
between-limb synchronization, but this was significant in only one of the studies (R2 = 
0.19-0.23).169 
Associations between weight-bearing asymmetry and dynamic posturography
The correlation between WBA and dynamic posturography outcomes was investigated 
in two studies.179,289 These studies included a total of 18 individuals with stroke. Partici-
pants stood on a platform and were instructed to maintain their balance, while random 
platform movements (discrete179 or continuous289) were applied in forward and backward 
directions. The study of Marigold et al. (2004) used a within-subjects design with three 
different stance conditions of imposed WBA: increased weight-bearing load, decreased 
weight-bearing load and self-selected stance.179 This study found no significant diffe-
rences in muscle onset latency or amplitude of muscle activity between the three load 
conditions in individuals with stroke, except for an increase in gastrocnemius amplitu-
des with more weight-bearing in both the paretic and non-paretic limb. In contrast, in 
healthy controls increased loading shortened the onset latencies of gastrocnemius and 
increased the amplitude of tibialis anterior and gastrocnemius responses. 
In the study by Van Asseldonk et al. the ‘dynamic balance contribution’ of each leg to 
postural control was assessed by comparing the ankle joint torques of the paretic with 
the non-paretic limb in individuals with stroke and healthy subjects.289 A key finding 
of this study was that the contribution of the paretic leg to balance was much smaller 
(on average about 10-20%) than its contribution to weight bearing (on average about 
40-45%). More weight bearing on the paretic leg tended to be associated with a larger 
contribution to postural control, however, this correlation was not significant (R2 = 0.26, 
p=0.24). Conversely, in healthy subjects adopting an asymmetrical posture, the contri-
bution of each leg to postural control equaled its contribution to weight bearing. 
Associations between weight-bearing asymmetry and clinical balance 
performance tests or falls in daily life
The correlation between WBA and clinical balance performance tests was examined in 
two studies.173,229 Although Mansfield et al. (2012) observed a significant association of 
greater WBA with poorer BBS scores, the explained variance was very low (5-6%).173 It 
must be mentioned, however, that their study was not designed to specifically investigate 
this relationship and that the reported association was derived from a larger regression 
model. In the study by Pereira et al. no significant correlations between Functional 
Reach and WBA were found for the total number of 14 participants.229 However, when 
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only the patients with WBA towards the non-paretic leg were considered (n=10), greater 
WBA was significantly associated with better functional reach scores (R2 = 0.49).  
The association between WBA and falls was measured in two studies.173,250 In the study 
of Sackley et al. falls were recorded both prospectively and retrospectively from patient 
charts and by interviews.250 Mansfield and coworkers retrospectively collected data on 
both falls and postural stability from patient charts.173 Both studies did not find signi-
ficant associations. Again, the association reported by Mansfield and coworkers was 
derived from a regression analysis that was conducted to answer a different research 
question.173 
DISCuSSIoN
The purpose of this review was to determine the association between WBA and postural 
stability in people after stroke. Nine observational studies were found of which seven 
were originally designed to investigate this relationship. Measures of postural stability 
were very diverse among the included studies and were, therefore, categorized ac-
cording to the methods used for data collection. For static posturography the general 
trend was that greater WBA was associated with larger COP velocities. The strengths 
of the associations were, however, moderate at best. 
Static and dynamic posturography
In two studies that recorded overall COP excursions (i.e., of the paretic and non-paretic 
leg combined) greater WBA was associated with increased postural sway.177,232 Inte-
restingly, the observed associations appeared to be stronger for measures of COP 
velocity than  COP amplitude. COP velocity measures are not only more reliable than 
measures of COP amplitude,89,151 they are also sensitive to changes in the frequency 
of regulation. This is important because particularly the higher frequencies within the 
COP fluctuations reflect the stabilizing ankle torques. Hence, the finding that greater 
WBA was more strongly associated with greater COP velocities than COP amplitudes 
suggests that more regulatory activity was applied for maintaining upright stability when 
a more asymmetrical weight distribution was adopted.  
Several other studies included in this review measured the individual paretic and non-
paretic COP trajectories, which enabled the researchers to determine the regulatory 
activity of each leg separately.169,173,246,289 In healthy people, adopting an asymmetric 
weight distribution results in increased regulatory activity (i.e. COP velocities) under the 
most loaded leg, thereby increasing its relative contribution to postural control.6 In the 
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studies by Roerdink and Van Asseldonk the regulatory activity under the paretic leg was 
found to be substantially lower compared to the non-paretic leg.246,289 In the study by 
Van Asseldonk289 the explained variance (R2 = 0.26) between WBA and the contribution 
of the paretic leg to postural control was in the same order of magnitude as the values 
reported for overall COP velocity (R2 = 0.18-0.25), but the correlation did not reach 
significance, possibly due to the limited sample size (n=8). Nevertheless, the average 
contribution of the paretic leg amounted to as little as 10-20% while bearing 40-45% 
of the body weight, whereas in healthy subjects the weight borne on a leg equaled its 
contribution to postural control when adopting an asymmetric position.289 
The study by Mansfield and coworkers provided further insight into the temporal as-
pects of corrective actions under the paretic and non-paretic leg as assessed by cross-
correlation of the individual COP trajectories.169 Greater WBA was associated with 
poorer synchronization (i.e. lower cross-correlation coefficients) of COP trajectories (R2 
= 0.19-0.23),169 which indicated that the paretic and non-paretic leg less adequately 
worked together in controlling balance when adopting a more asymmetric weight dis-
tribution. It was shown that the synchronization of left and right COP trajectories was 
almost perfect (i.e. cross-correlation coefficients close to 1.0) in healthy persons, but it 
was not investigated whether and how this would be affected by WBA.
The effect of WBA on the timing of balance correcting responses after support-surface 
translations was investigated by Marigold et al. (2004).179 This was the only study using a 
within-subjects design. In contrast to healthy controls, people with stroke demonstrated 
largely absent modulation of response latencies and amplitudes with different degrees 
of WBA. In other words, imposing weight-bearing symmetry resulted in only minimal 
improvement in the corrective postural responses of the paretic leg. Overall, the mus-
cular responses of the patients were delayed compared to the healthy controls. These 
findings suggest that WBA is not the primary cause of the reduced postural stability after 
stroke. This suggestion is supported by several other observations. First, the degree of 
postural instability after stroke greatly exceeds the effect of adopting different degrees 
of WBA on postural stability in healthy persons (within the ranges that are commonly 
observed after stroke). 6,61 Second, the disproportionately low contribution of the paretic 
leg to postural control (relative to the amount of weight borne on the paretic leg) as 
reported by Van Asseldonk also argues against a major role for WBA in the causation of 
postural instability after stroke.289
Alternatively, we suggest that WBA after stroke may be regarded as a compensatory 
strategy to enhance the kinetic contribution of the non-paretic leg to balance. Several 
findings support this notion. First, it has been found in a longitudinal cohort study that, 
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although WBA decreased within the first weeks after stroke and postural stability impro-
ved over a period of at least another two months, the regulatory activity of the paretic 
leg (expressed as COP velocity) did not improve.61 In the same vein, the contribution 
of the paretic leg to postural control was found to be as little as 10-20% despite good 
recovery of ambulatory capacity (FAC 4-5) and balance performance (BBS > 45) in 
the chronic phase after stroke.289 These findings suggest that improvement of postural 
stability after stroke is primarily driven by compensatory strategies rather than by the 
restoration of motor control of the affected leg. Second, Roerdink and coworkers found 
that both WBA and a reduced contribution of the paretic leg to postural control were 
most evident in individuals with a lack of selective muscle control of the paretic leg.246 
These patients, may have used WBA to enhance the kinetic contribution of the non-
paretic leg to balance. 
Compensation for decreased regulatory activity by the paretic leg as a possible explana-
tion for persistent WBA after stroke does, however, not preclude the possibility of other 
underlying mechanisms. For instance, recent evidence suggests that misperception of 
the postural and visual vertical after stroke may also contribute to WBA while standing, 
particularly in patients with visuospatial hemineglect.12,230 From this perspective, WBA 
may be regarded as a primary impairment rather than a secondary compensation.
Although WBA towards the non-paretic leg may be a beneficial compensation for the 
reduced regulatory activity by the paretic leg while quiet standing, it remains to be 
investigated to what extent WBA is advantageous for dynamic postural stability, such 
as when stepping to recover balance after an external perturbation. In a recent study it 
was found that after stroke WBA towards the non-affected side was associated with an 
increased likelihood of stepping with the paretic leg in response to a forward perturba-
tion.171 It was suggested that this strategy may be less effective to restore balance than 
stepping with the non-paretic leg. Further research should, therefore, shed light on the 
effects of different degrees of WBA on a variety of postural tasks.
Clinical balance performance
Whereas static and dynamic posturography provide information on underlying postural 
control mechanisms, clinical balance tests such as the Berg Balance Scale and the 
Functional Reach test evaluate functional capacities. They allow for adaptive strategies 
to compensate for the underlying impairments to accomplish the required task. The 
results of the two studies that reported on the correlation between WBA and clinical 
balance tests do not provide conclusive evidence for the magnitude or direction of 
a possible association. First, the association between greater WBA and lower BBS 
scores was indirectly derived from a larger regression model as reported in the study 
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by Mansfield et al.,173 which may explain the relatively small explained variance. As this 
study was not originally designed to investigate this association and the regression 
model contained other measures of postural control as well, it is difficult to draw any 
conclusions from this finding.
The study by Pereira et al. (2010) was the only one that reported greater WBA to be 
associated with better postural stability as measured with the Functional Reach test, but 
this only concerned the individuals bearing more weight on the non-paretic leg.229 This 
finding suggests that WBA may be an effective compensatory strategy during functional 
(reach) tasks. Yet, further research is needed to confirm this notion.
Falls in daily life
The ultimate consequence of postural instability is falling, which was therefore regarded 
as a measure of postural stability as well. Although the two studies that reported on the 
association between WBA and falls in daily life found no significant correlations, these 
results should be interpreted cautiously. First, the study by Mansfield was not designed 
to specifically assess this association.173 Second, in the study by Sackley et al., the 
fall data collection did not comply to the currently accepted methods, which may have 
influenced the results.250 
limitations
The number of studies reporting on the association between WBA and postural stability 
was limited (N=9), with only seven studies being originally designed to investigate this 
association. Another limitation was the variety of balance measures that assessed dif-
ferent aspects of postural control, which limited the possibility to compare outcomes. 
This problem was only partially overcome by categorization of the balance measures. 
Besides differences in measures of postural stability, study populations varied greatly 
in terms of post-stroke duration and functional capacities. Although most studies only 
considered participants with unilateral stroke, two studies also included patients with 
bilateral stroke.173,250 Furthermore, two studies did not consider the direction of WBA 
(towards the paretic or non-paretic side),173,246 while the study by Pereira et al.229 de-
monstrated that associations between WBA and postural stability may be dependent on 
this direction.  
The reporting of confounding bias was poor in all studies except one.173 In only three 
studies a method to correct for confounders was applied.173,179,246 One important con-
founder that was often not accounted for was stroke severity. Postural instability and 
WBA are probably both related to stroke severity and, consequently, these phenomena 
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will be strongly correlated.12,61,85,87,194,230 Yet, to better understand the causal relation-
ship between WBA and postural stability after stroke, the effect of different degrees 
of imposed WBA on postural control should be investigated within the same group of 
patients. 
Conclusion
Overall, the studies included in this review suggest that WBA after stroke is associated 
with increased postural sway as well as with poorer between-limb synchronization of 
COP trajectories. These associations were obtained from cross-sectional studies, which 
do not provide insight into causal relationships. Yet, the one study that imposed different 
degrees of weight-bearing symmetry does not provide support for WBA being a main 
cause of postural instability in people with stroke. Whether adopting an asymmetric 
weight distribution (in favour of the nonparetic leg) is detrimental or beneficial for both 
static and dynamic postural stability after stroke remains to be investigated for various 
degrees of stroke severity (in particular the severity of paresis).   
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Appendix 1. Search strategy MeDlINe
1. (((((((“Stroke”[Mesh]) OR “Brain Infarction”[Mesh]) OR “Cerebrovascular 
Disorders”[Mesh]) OR “Brain Ischemia”[Mesh]) OR “Paresis”[Mesh]) OR 
“Hemiplegia”[Mesh]) OR “Intracranial Hemorrhages”[Mesh]) OR “Intracranial Embo-
lism and Thrombosis”[Mesh]
2.  “cva”
3.  “cerebral”
4.  “stroke”
5. “cerebrovascular”
6. 1,2,3,4,5
7.  (“Postural Balance”[Mesh]) OR “Posture”[Mesh]
8.  “balance/physiology”
9.  “balance/equilibrium”
10. “balance/coordination”
11. “balance”
12. “balance control”
13. “posture”
14. “postural”
15. 7,8,9,10,11,12,13,14
16. “Weight-Bearing”[Mesh]
17. “weight bearing”
18. “weight bearing/physiology”
19. “weight bearing asymmetry”
20. 16,17,18,19
21. 6, AND 15, AND 20
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Appendix 2. STROBE criteria scoring definitions
Part of study Item Sore 1 if it 
Title and abstract
1a Indicate study design with a 
commonly used term in the title or in 
the abstract
-  Mentions an explicit commonly used term 
for the study design in title or abstract
1b Provide in the abstract an 
informative and balanced summary 
of what was done and what was 
found
- Includes a short description of the 
research question, methods, results and 
conclusion
- Provides only information presented in the 
article
Introduction
Background/ 
rationale
2 Explain the scientific background 
and rationale for the investigation 
being reported
- Provides important context, sets the stage 
for the study and describes its focus
- Provides an overview what is known on a 
topic and what gaps in current knowledge 
are addressed by the study
Objectives 3 State specific objectives, including 
any pre-specified hypotheses
- States all original objectives
- Specifies populations, exposures, 
outcomes and parameters that will be 
estimated
Methods
Study design 4 Present key elements of study 
design early in the paper 
 
- Presents study design including:
- Source population of both cases and 
control
- Point in time the sample was taken, and if 
applicable the follow up period
Setting 5 Describe the setting, locations, and 
relevant dates, including periods of 
recruitment, exposure, follow-up, 
and data collection
- Includes recruitment sites or sources
- Refers to countries, towns, hospitals or 
practices were the investigation took place
Participants 6a Cohort study—give the eligibility 
criteria, and the sources and 
methods of selection of participants. 
Describe methods of follow-up
 Case-control study—give the 
eligibility criteria, and the sources 
and methods of case ascertainment 
and control selection. Give the 
rationale for the choice of cases and 
controls
Cross-sectional study—give the 
eligibility criteria, and the sources 
and methods of selection of 
participants
- Describes all eligibility criteria and also 
the group from which the population was 
selected 
- Detailed description of methods of 
selection of all participants
- Details of follow up procedures if 
applicable
6b Cohort study—for matched studies, 
give matching criteria and number of 
exposed and unexposed
 Case-control study—for matched 
studies, give matching criteria and 
the number of controls per case
- Describes matching criteria, numbers of 
exposed and unexposed or numbers of            
controls per case 
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Variables 7 Clearly define all outcomes, 
exposures, predictors, potential 
confounders, and effect modifiers. 
Give diagnostic criteria, if applicable
- Defines all variables for and included in 
the analyses
- Clearly describes definitions of diagnostic 
criteria for disease outcomes, disease 
events’ or prevalent disease 
- Declares all candidate variables 
considered for statistical analysis
Data sources/ 
measurement
8 For each variable of interest 
give sources of data and details 
of methods of assessment 
(measurement). Describe 
comparability of assessment 
methods if there is more than one 
group
- Refers to studies that report validity or 
reliability of the outcome measure OR
- Reports estimated validity or reliability
Bias 9 Describe any efforts to address 
potential sources of bias
- Describes what measures were taken 
during the conduct of the study to reduce 
the potential of bias
- If possible: Discusses and estimates the 
direction and magnitude of bias
Study size 10 Explain how the study size was 
arrived at
- Reports formal sample size calculations if 
they were done OR
- Indicates the considerations that 
determined the study size
Quantitative 
variables
11 Explain how quantitative variables 
were handled in the analyses. If 
applicable, describe which groupings 
were chosen, and why
- For categorized variables: Explains why 
and how data were grouped including the 
number of categories, the cut-points and 
category means or medians
- For data presented in tabular forms: 
Reports counts of cases, controls, 
persons at risk etc. for each category
- For continuous variables: Considers the 
nature of relation between exposure and 
outcome (linear, quadratic, normality etc.). 
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Statistical 
methods
12a Describe all statistical methods, 
including those used to control for 
confounding
- Describes statistical methods to enable 
a reader with access to the data to verify 
the reported results
12b  Describe any methods used to 
examine subgroups and interactions
- Describes what methods were used for 
subgroup analysis
- Reports the way interaction effects were 
analyzed
12c Explain how missing data were 
addressed
- If applicable: Reports the number of 
missing values for each variable of 
interest and for each step in the analysis
- Gives reason for missing values and 
indicates how many individuals were 
excluded because of missing data when 
describing the flow of participants through 
the study
- Describes the nature of the analyses 
made for missing data
12d Cohort study—if applicable, explain 
how loss to follow-up was addressed
Case-control study—if applicable, 
explain how matching of cases and 
controls was addressed
 Cross-sectional study—if applicable, 
describe analytical methods taking 
account of sampling strategy
- Cohort: Reports on the number of 
individuals that were lost to follow-up 
and how those data were treated in the 
analyses
- Case control: Reports on how the 
matching was handled in the statistical 
analysis
- Cross-sectional: Reports on methods to 
adjust for complex sampling strategies if 
they were used (clustered sampling e.g.).
12e Describe any sensitivity analyses - Describes sensitivity analyses for 
example used to identify the degree of    
confounding, selection bias or information 
bias required to distort an association
Results
Participants 13a Report the numbers of individuals at 
each stage of the study e.g. numbers 
potentially eligible, examined for 
eligibility, confirmed eligible, included
in the study, completing follow-up, 
and analyzed
- Reports the number of individuals 
considered at each stage of the study 
from the stage of recruiting from the target 
population to the inclusion of participants’ 
data in the analysis: numbers potentially 
eligible, examined for eligibility, confirmed 
eligible, included in the study, completing 
follow-up, and analyzed
13b Give reasons for non-participation at 
each stage
- If applicable: Explains why participants 
no longer participated in the study or why 
they were excluded from further analysis
13c Consider use of a flow diagram - Especially for complex studies, not 
applicable for small cross-sectional 
studies
Descriptive data 14a Give characteristics of study 
participants (e.g., demographic, 
clinical, social) and information on 
exposures and potential confounders
- These data are presented as follows:
- Continuous variables: mean + sd or 
median and percentile range
- Categorical variables: number/ proportion 
per category
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14b Indicate the number of participants 
with missing data for each variable 
of interest
- Explicitly mentions the number of 
participants with missing data OR
- Presents the data with sufficient detail 
for the reader to see that all data were 
complete (especially for small studies)
14c Cohort study—summarize follow-up 
time (e.g., average and total amount)
- Summarizes follow-up time
Outcome data 15 Cohort study—report numbers 
of outcome events or summary 
measures over time
Case-control study—report numbers 
in each exposure category, or 
summary measures of exposure
Cross-sectional study—report 
numbers of outcome events or 
summary measures
- Presents descriptive data for exposure 
and outcome measures separately and 
not only the association between the 
measures
Main results 16a Give unadjusted estimates and, if 
applicable, confounder-adjusted 
estimates and their precision (e.g., 
95% confidence interval). Make clear 
which confounders were adjusted for 
and why they were included
- Gives unadjusted estimates of effect size
- If applicable: give adjusted estimates of 
effect size
16b Report category boundaries 
when continuous variables were 
categorized
- Reports category boundaries when 
continuous variables were categorized
16c If relevant, consider translating 
estimates of relative risk into 
absolute risk for a meaningful time 
period
- Only for ratio measures
Other analysis 17 Report other analyses done—e.g., 
analyses of subgroups and 
interactions, and sensitivity analyses
- Describes whether these analyses were 
planned in advance and which arose while 
analyzing
Discussion
Key results 18 Summarize key results with 
reference to study objectives
- Begins the discussion with a short 
summary of the main findings of the study
Limitations 19 Discuss limitations of the study, 
taking into account sources of 
potential bias or imprecision. Discuss 
both direction and magnitude of any 
potential bias
- Mentions:
- Sources of bias and confounding
- Direction of potential biases
- Discusses any imprecision of results
Interpretation 20 Give a cautious overall interpretation 
of results considering objectives, 
limitations, multiplicity of analyses, 
results from similar studies, and 
other relevant evidence
- Interprets the results taking in 
consideration the limitations of the study 
or bias.
- Interprets the results in context of the 
existing external evidence from different 
types of studies.
- Puts the results in context with similar 
studies and how the new study affects the 
existing body of evidence
Generalizability 21 Discuss the generalizability (external 
validity) of the study results
- Gives sufficient information for the reader 
to judge the generalizability 
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Other information
Funding 22 Give the source of funding and the 
role of the funders for the present 
study and, if applicable, for the 
original study on which the present 
article is based
- Gives the source of funding
- Describes the role of funders in detail
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ABStrACt 
In people with lateralized disorders, such as stroke, Weight-Bearing Asymmetry 
(WBA) is common. It is associated with postural instability, however, WBA is 
one of several abnormalities that may affect postural stability in these disorders. 
Therefore, we investigated the isolated effects of WBA on dynamic postural 
stability in healthy individuals. Ten young participants were subjected to multidi-
rectional stance perturbations by support surface translations at three levels of 
WBA (0, 10 and 20% of body weight unloading of one leg). The stepping threshold 
was determined iteratively for each condition and in four perturbation directions 
(forward, backward, leftward and rightward). The stepping threshold was defined 
as the highest perturbation intensity recovered from with a feet-in-place response. 
The Margin of Stability (MOS) at the stepping threshold was defined as the 
smallest distance between the vertical projection of the Extrapolated Center of 
Mass (XCOM) and the edge of the base of support. WBA decreased the stepping 
threshold (stability decreased) for perturbations towards the loaded side (trans-
lations towards the unloaded side), whereas it increased stepping thresholds for 
perturbations towards the unloaded side. No significant effects of WBA were found 
on the MOS. WBA increased the frequency of stepping with the unloaded leg 
upon forward and backward perturbations. In conclusion, WBA increased dynamic 
stability towards the unloaded leg following external balance perturbations and re-
sulted in a greater probability of stepping with this leg. Future studies are needed 
to evaluate the functional significance of these WBA-related effects on postural 
stability in people with lateralized disorders. 
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INtroDuCtIoN
Postural instability is a common symptom of lateralized disorders, such as stroke. In 
addition, these patients often demonstrate Weight-Bearing Asymmetry (WBA) in favor 
of the unaffected leg.61 In cross-sectional studies, greater WBA was found to be associ-
ated with reduced postural stability during quiet stance.137,177,232 In clinical populations, 
however, WBA is only one of the many deficits that may influence postural instability. 
Therefore, the functional significance of WBA with regards to postural instability in 
individuals with lateralized disorders is not fully understood. 
Studies that investigated the isolated effects of WBA on postural stability in healthy 
individuals have already provided important insight. In two previous studies that mani-
pulated WBA in healthy young subjects using a within-subjects design, postural sway 
during quiet standing was found to increase with greater WBA.6,86 In addition, WBA 
resulted in a kinetic regulation asymmetry with a larger contribution of the loaded leg in 
terms of ankle torques with increased WBA.6,289 However, these effects of WBA were 
very small at levels of WBA equivalent to those commonly observed in patients (e.g. 
10% extra body weight on the non-paretic leg).6 Furthermore, WBA was also found 
to modulate postural reflexes in response to translational perturbations in healthy 
subjects.179 Postural reflex magnitude was larger when more weight was borne on the 
leg,179 which appears to partly underlie the larger torques that the loaded leg generates 
under WBA conditions. 
An important unanswered question is whether WBA affects dynamic stability following 
external balance perturbations. Usually, low intensity perturbations can be overcome 
with a feet-in-place response, whereas stepping or grabbing for support becomes 
necessary to prevent falling following high intensity perturbations. We were particularly 
interested in the effects of WBA on the transition from feet-in-place to change-in-support 
reactions, as this so-called ‘stepping threshold’ has recently been associated with fall 
risk in daily life.270  
The aim of this study was to evaluate the effect of WBA on stepping thresholds, defined 
as the maximum perturbation intensity that could be sustained with a feet-in-place 
response. We expected WBA to result in a higher stepping threshold (i.e. more postural 
stability) upon perturbations towards the unloaded leg as the initial center of mass 
(COM) position is shifted towards the other leg, thereby creating a larger safety margin 
towards the unloaded side. Consequently, the stepping threshold towards the loaded leg 
was expected to be lower (i.e. less postural stability) with larger WBA. For forward and 
backward perturbations, we hypothesized that WBA would not have major effects on 
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the stepping thresholds. We also investigated whether, following high intensity pertur-
bations, stepping leg preference was influenced by WBA. As stepping requires a quick 
unloading of the stepping leg, we expected that WBA would increase the frequency of 
stepping with the leg that was unloaded prior to the perturbation.171  
MethoDS
Participants
Ten healthy young individuals (1 male, 9 females) with a mean age of 25 years (SD 4 
years) participated. To be included, they had to be free of neurological, orthopedic or 
vestibular disorders that could interfere with the test results. All subjects gave written 
informed consent. The study adhered to the guidelines of the local medical ethical com-
mittee and was conducted in accordance with the Declaration of Helsinki.
experimental setup 
Multidirectional stance perturbations were delivered by a moveable platform (Radboud 
Falls Simulator, 120x180cm  Baat Medical, Enschede, The Netherlands; Figure 1) with 
Figure 1. 
1A: The experimental setup consisted of a moveable platform with two embedded force plates (120 
by 180 cm). The platform could translate in the forward, backward and both sideways directions. 
1B: Perturbation profiles. The perturbation waveform consisted of a 300 ms acceleration, 500 ms 
constant velocity and 300 ms deceleration phase. 
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two embedded force plates (AMTI Custom 6 axis composite force platform, Watertown, 
USA). The platform could suddenly and unexpectedly translate in the forward, back-
ward, leftward or rightward direction.209 Note that a backward translation resulted in a 
forward perturbation and vice versa. We will refer to the direction of the perturbations. 
Perturbations comprised an acceleration  (300 ms), constant velocity (500 ms), and 
deceleration phase (300 ms). The participants were secured by a safety harness at-
tached to a sliding rail on the ceiling, which allowed frictionless movement of the cable 
in forward and backward directions. 
experimental protocol
Participants stood on the platform with bare feet in a standardized position (inter-heel 
distance 17 cm and toes placed outward with a 9° rotation angle with respect to the 
sagittal midline) and with the hands folded at umbilical level.6,61 They were instructed 
to respond naturally to the perturbations, but without grabbing the rails surrounding the 
platform. Prior to each trial, the investigator provided verbal feedback regarding the 
weight distribution based on visual inspection of the vertical ground reaction forces. 
The perturbation direction was unknown in advance and the onset of perturbation was 
randomly varied between ~2 and 6 seconds after verbal feedback was given.
Participants were subjected to three conditions of imposed WBA (0, 10 and 20% of 
body weight unloading of one leg). The unloaded leg was the dominant leg (i.e  the leg 
that was used to kick a ball) in half of the participants and the non-dominant leg in the 
other half. For each subject, the stepping threshold was determined in three conditions 
of WBA and in four perturbation directions (forward, backward, rightward, leftward). The 
order of the conditions was balanced among participants. 
The stepping threshold was determined by gradually increasing the perturbation inten-
sity with increments of 0.125 m/s2 according to the protocol used in a previous study.67 
For the condition that was performed first, the starting intensity was based on pilot 
experiments. The starting intensity was set at 0.875 m/s2 for forward perturbations and 
at 0.375 m/s2 for backward perturbations. For lateral perturbations the starting inten-
sity depended on the initial WBA condition (0.750-1.750 m/s2). For subsequent WBA 
conditions the starting intensity was based on the subjects’ performance in the first 
condition. The stepping threshold was defined as the highest intensity that the partici-
pant sustained with a feet-in-place response. A subject ‘passed’ an intensity level if one 
of a maximum of three perturbations was overcome with a feet-in-place response. The 
recovery strategy was classified as a feet-in-place response if 1) the base of support 
did not change during the perturbation and 2) there was no complete unloading of one 
foot. The investigator visually determined whether a feet-in-place response was used. 
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After the subject had ‘failed’ three trials at one intensity for a given direction, we recor-
ded two further feet-in-place trials at the previous (i.e. stepping threshold) level, yielding 
a total of three trials for further kinematic analysis. 
Furthermore, we also collected three stepping trials at the intensity level above the 
stepping threshold to determine which leg was used for stepping; the stepping leg was 
defined as the first leg that was 1) fully unloaded or 2) used to change the base of 
support without full unloading (sliding). 
Data collection 
Reflective markers were placed on anatomical landmarks using the Vicon Full Body 
Plugin-Gait model60 (Vicon, Oxford, UK) to determine the COM. The marker positions 
were recorded by an 8-camera 3D motion analysis system (100 Hz, Vicon Motion Sys-
tems, United Kingdom). Ground reaction forces under each foot were measured at a 
frequency of 1000 Hz. Kinematic data were filtered off-line with a low-pass second order 
zero-lag butterworth filter with a cutoff frequency of 5 Hz. The start of the perturbation 
was encoded by a digital trigger signal (sampled at 1000 Hz).
Data analysis 
To verify that the asymmetric weight-bearing was performed as instructed, we calcula-
ted the actual WBA over a 500 ms time interval before the start of the perturbation; it 
was defined as:
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In addition to the stepping threshold as the primary outcome of this study, we also 
assessed the effect of WBA on the Margin of Stability (MOS). For feet-in-place trials 
at the stepping threshold, we calculated the extrapolated Center of Mass (XCOM) 
using the methods proposed by Hof et al. (2005).111 This method takes into account 
the position as well as the velocity of the Center of Mass (COM) relative to the base 
of support, as both these variables det rmine the ne d t  take a step in response to a 
perturbation.193,226 Theoretically, an individual has to take a step if the XCOM exceeds 
the boundaries of the base of support.111 We determined the MOS, which was defined 
as the minimum horizontal distance from XCOM to the boundaries of the base of sup-
port. These boundaries were determined by tracing the outside lining of each foot with 
respect to the foot markers with a reflective marker during a static trial preceding the 
experiment. The time between perturbation onset and the instant of a minimal margin of 
stability (tMOS) was calculated as well.
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Statistical analyses
A general linear model (GLM) for repeated measures was used to test main effects 
of WBA on stepping threshold, MOS and tMOS. Independent variables in the model 
included Direction, WBA and Direction*WBA. If the main effect was significant (p<0.05), 
individual weight-bearing conditions were compared with Bonferroni corrected post-hoc 
tests. To test the effect of WBA on stepping leg, a chi-square test was used for each 
direction (p values <0.05 were considered significant). 
reSultS
The actual values for WBA were on average 0.31±0.80%, 9.89±0.89% and 18.73±1.03% 
of body weight for the 0%, 10% and 20% WBA conditions, respectively. These values 
confirmed that asymmetric weight bearing was performed as instructed. 
Stepping threshold
For the stepping threshold, there was a significant main effect of Direction and a signifi-
cant Direction*WBA interaction (p<0.01). Post-hoc tests revealed significant differences 
between the three WBA conditions for stepping thresholds towards the loaded as well 
as the unloaded leg (p<0.01). Unloading of one leg by 10% resulted in a 27% higher 
stepping threshold towards the unloaded side and a 13% lower threshold towards the 
loaded side; 20% unloading resulted in a 44% increase in stepping threshold towards 
the unloaded and a 31% decrease towards the loaded side (all p<0.01; Figure 2; Table 
1). Forward and backward stepping thresholds were not significantly influenced by WBA 
(p>0.39). Stepping thresholds were on average higher for forward than for backward 
perturbations (1.09 vs. 0.66 m/s2). The effects of WBA were not different for loading the 
dominant vs. the non-dominant leg (p>0.05 for WBA*leg).
Margin of stability
For one participant, we could not determine the MOS for perturbations towards the loa-
ded side because of poor visibility of essential markers. There were no significant main 
effects of WBA or Direction*WBA interaction effects on the MOS (Table 1; Figure 3 and 
4). There was no main effect of WBA on tMOS either, although following perturbations 
towards the unloaded leg, the time to reach the minimum MOS tended to be shorter in 
the 0% compared to the 20% WBA condition (577 vs. 758 ms). Yet, the Direction*WBA 
interaction failed to reach significance (p=0.065). The effects of WBA were not different 
for loading the dominant vs. the non-dominant leg (p>0.05 for WBA*leg).
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Stepping leg
For forward and backward perturbations, steps with the unloaded leg were most common 
and the proportion increased with greater WBA (forward: 70%, 90% and 100%; backward: 
80%, 97% and 100% for 0%, 10% and 20% WBA, respectively; χ2>9.60, p<0.01). The 
choice of stepping leg in the asymmetric standing conditions was not influenced by leg 
dominance as the number of steps with the loaded leg were not significantly different for 
the dominant vs. the non-dominant leg (χ2< 2.6, p>0.05).  During sideways perturbations, 
we observed only one side step in one participant. In the remaining sideways perturbation 
trials, we either observed a cross-over step with the leg contralateral to the perturbation 
direction, or this leg was lifted and returned to the floor without crossing the midline. As a 
result, there was no effect of WBA on stepping leg preference for sideways perturbations. 
Figure 2. 
Stepping threshold in m/s2 for the different Weight-Bearing Asymmetry conditions (0%, 10% and 
20% of body weight unloading of one leg). The stepping threshold was determined for forward and 
backward perturbations (upper panels) and for perturbations towards the loaded and unloaded leg 
(lower panels). *p<0.05 for post-hoc comparisons after Bonferroni correction. 
table 1. Effect of WBA on stepping threshold, Margin of Stability and Timing of Margin of Stability
outcome Stepping threshold Margin of Stability time Margin of Stability
F p F p F p
Direction 155.9 0.000 48.3 0.000 1.5 0.230
WBA 1.1 0.356 1.7 0.210 3.0 0.080
Direction*WBA 50.9 0.000 1.3 0.259 2.1 0.065
F and p statistics for the general linear model for repeated measurements.
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Figure 3. 
The effect of Weight-Bearing Asymmetry on the Margin of Stability for trials at the stepping threshold 
in forward, backward and both sideways directions. 
Figure 4.  
The effect of Weight-Bearing Asymmetry on the timing of the Margin of Stability (time between per-
turbation onset and time point at which the Margin of Stability is reached). 
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DISCuSSIoN
The purpose of this study was to determine the effect of asymmetric weight bearing on 
the stepping threshold following external support surface perturbations in healthy young 
adults. WBA resulted in a higher threshold for reactive stepping towards the unloaded 
side and a lower stepping threshold towards the loaded side. WBA did not affect step-
ping thresholds in the sagittal plane, but it did increase the likelihood of stepping with 
the unloaded leg following both forward and backward perturbations.
The results for sideways perturbations confirmed our hypothesis that WBA would incre-
ase the stepping threshold towards the unloaded side. We expected subjects to start 
taking steps when the perturbation was large enough to induce postural instability, i.e 
when the XCOM exceeded the boundaries of the base of support (MOS<0).111 Hence, 
greater WBA would result in higher stepping thresholds towards the unloaded side, as 
the initial COM position was shifted further away from the base of support boundary, 
thereby creating more ‘leeway’ for perturbations in this direction. Consequently, it would 
also result in lower stepping thresholds for perturbations towards the loaded side, due 
to the smaller separation between initial COM position and the boundary of the base of 
support. This is indeed what we observed. 
For sagittal plane perturbations we expected no effect of WBA on the stepping thres-
hold as WBA does not influence the separation between initial COM position and the 
BOS boundaries in the forward or backward direction. Our results indeed confirmed 
this hypothesis. Yet, these results that were obtained with the instruction of responding 
naturally to the imposed perturbation may not necessarily generalize to situations 
where people try their hardest to avoid stepping. Stepping thresholds are generally 
observed at higher  perturbation intensities when people are instructed not to step, 
as compared to natural behavior.186 Sustaining these higher perturbation intensities 
without stepping challenges people to generate their maximum corrective ankle tor-
ques. Asymmetric weight bearing, however, reduces postural reflex magnitudes and 
corrective ankle torques of the unloaded leg.179,289 As such, WBA may still affect forward 
and backward stepping thresholds under this instruction. In contrast, our instruction 
to respond naturally to the perturbations has probably not challenged the participants 
to generate their maximum corrective ankle torques, rendering forward and backward 
stepping thresholds unaffected by WBA.
In healthy subjects a symmetrical weight distribution may be considered optimal as this 
results in evenly distributed safety margins to sustain impending perturbations that, 
in daily life, can occur in any direction. In patients with stroke, however, paretic hip 
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abductor weakness may impair their ability to quickly generate large hip joint torques 
to decelerate the perturbation-induced COM movements towards the paretic side.145,146 
This presumably results in greater XCOM excursions in this direction than towards 
the non-paretic side with, consequently, reduced stepping thresholds. The results of 
the present study suggest that in these patients, asymmetric weight bearing may, to 
some extent, constitute a compensatory mechanism for dynamic balance maintenance 
towards the paretic side, but at the cost of reduced stability toward the non-paretic side. 
A further result of this study was that WBA increased the likelihood of stepping with the 
unloaded leg following sagittal plane perturbations. This finding is in agreement with 
the observation that, in people after stroke, less weight being borne on the paretic leg 
was associated with a greater likelihood of stepping with this leg.171 A more frequent 
utilization of paretic steps with greater WBA may be detrimental for balance recovery 
ability, because reduced motor selectivity and strength conceivably impair paretic step 
quality. As poorer step quality is associated with a higher fall risk,121,172,309 this effect of 
WBA may thus outweigh the potential benefits of the aforementioned compensatory 
mechanism for increasing the stepping threshold towards the paretic side. 
In contrast to previous work,165 participants rarely used a side stepping strategy fol-
lowing lateral perturbations. Side steps are associated with more successful balance 
recovery,143 but are also more difficult to perform as it requires rapid active unloading 
of the leg that is passively loaded by the perturbation. The perturbations in our study, 
however, were rather small, which likely explains why subjects did not have to take a 
side step for successfully restoring balance. 
An unexpected finding that hints at a limitation of the applied dynamic stability model is 
our observation of negative values for MOS upon forward perturbations. According to 
the original paper by Hof et al.,111 feet-in-place responses would no longer be expected 
for these MOS values, yet we did not observe any steps. The negative MOS values may 
be explained by the use of hip strategies,101,124 whereas the model of Hof et al. assumes 
the body to purely move as an inverted pendulum around the ankle joint.111 The model 
proposed by Hof et al. is, however, one of the few available methods that provide a 
quantitative outcome of dynamic stability and that is widely used for this purpose.1,43,97 
Another limitation was that the experimenter could not be blinded for the test condition 
as the stepping thresholds had to be determined online during the experiment. There-
fore, the experimenter analyzed the video data offline to verify the judgments, resulting 
in only one score adjustment.
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From the results of this study we conclude that WBA results in higher (i.e. better) 
stepping thresholds towards the unloaded side and lower (poorer) stepping thresholds 
towards the loaded side. For sagittal plane perturbations, WBA increased the likelihood 
of taking a step with the unloaded leg. Future studies in patients with stroke are needed 
in order to establish the significance of WBA with regards to dynamic stability in this 
patient population. These studies should investigate whether unloading of the paretic 
leg would result in more symmetrical stepping thresholds for frontal plane perturbations. 
Furthermore, the effect of WBA on choice of stepping leg should be evaluated, as a 
greater likelihood of stepping with the paretic leg may be detrimental to step quality.
Chapter 3B
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ABStrACt 
After stroke, weight-bearing asymmetry (WBA) towards the non-paretic side is 
associated with postural instability. It remains unknown whether WBA is a cause 
or consequence of postural instability, as both phenomena depend on stroke 
severity. We investigated the effect of WBA on the ability to recover from ba-
lance perturbations in people with stroke. Fourteen people in the chronic phase 
of stroke underwent multidirectional translational perturbations at three levels of 
initial WBA (0, 10 and 20% of body weight unloading of the paretic  leg). We 
iteratively determined the highest perturbation intensity that could be sustained 
with a feet-in-place response (i.e. stepping threshold) for each WBA condition and 
in four perturbation directions (forward, backward, towards paretic and towards 
non-paretic side). For perturbations above the stepping threshold we determined 
the choice of stepping leg. WBA increased the stepping threshold for perturba-
tions towards the paretic side, whereas it decreased the stepping threshold for 
perturbations towards the non-paretic side (p<0.05). No effects of WBA were 
found on forward or backward stepping thresholds. Yet, the frequency of stepping 
with the paretic leg in the anteroposterior directions increased with greater WBA. 
Similarly, greater initial WBA resulted in a larger number of side steps towards 
the paretic side. In conclusion, the results suggest that people with stroke can 
benefit from some paretic leg unloading when perturbed towards the paretic side. 
It remains to be investigated, however, to what extent these benefits outweigh the 
potentially detrimental effects of WBA that were observed when recovering from 
perturbations in the other directions.
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INtroDuCtIoN
In people after stroke weight-bearing asymmetry (WBA) in favor of the non-paretic 
leg is common. As WBA was found to be associated with postural instability in cross-
sectional studies, it is sometimes regarded as a cause of postural instability.137,177,232 
However, from cross-sectional studies it is difficult to conclude whether WBA is a cause 
or consequence of postural instability, as both phenomena depend on stroke severity.137 
Hence, studies that manipulate WBA within subjects are needed to understand how 
WBA affects postural stability after stroke.  
One previous study investigated the effect of different WBA conditions on postural reflex 
onset and amplitude in people after stroke.179 Whereas healthy individuals demonstrated 
faster and larger postural reflexes when bearing more weight on a leg, this load modu-
lation was largely impaired after stroke, particularly in the ankle dorsiflexors. In another 
study it was found that regulatory activity under the paretic leg was much smaller than 
under the non-paretic leg, even when bearing a substantial amount of body weight.289 
Finally, a more recent study reported that, during quiet standing, synchronization of 
center of pressure trajectories between the legs of people with stroke is substantially 
lower than in controls, indicating that the legs of people with stroke are not effectively 
working together in controlling standing balance.169 Together, findings of these studies 
imply that both the amplitude and the quality of corrective torques are impaired under 
the paretic leg, even when bearing substantial body weight. Yet, it remains unknown 
how this reduced ability to generate adequate balance correcting torques under the 
paretic leg affects the ability to recover from balance perturbations  across weight-
bearing conditions. 
Following substantially large balance perturbations, reactive stepping becomes an 
important strategy to regain balance. Studies that manipulated WBA within healthy indi-
viduals have demonstrated that it increases the frequency of stepping with the leg that 
is unloaded prior to the perturbation.62,153 Similarly, when stroke survivors were allowed 
to choose their preferred weight distribution, more paretic leg unloading was associated 
with an increased likelihood of taking a forward step with the paretic leg in response to 
forward perturbations.171 However, it is still unknown whether WBA also affects reactive 
stepping following lateral perturbations (i.e. taking a side step or crossover step)  in 
people after stroke. This is particularly relevant, as side steps are associated with a 
lower risk of perturbation-induced falls than crossover steps.143 
We investigated the effect of imposed initial WBA on the ability to recover from multi-
directional stance perturbations with a feet-in-place response (stepping threshold) in 
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people in the chronic phase of stroke. We further determined how imposed WBA affects 
the choice of stepping leg when feet-in-place responses eventually fail. Based on a 
previous study in healthy individuals,62 we hypothesized that initial paretic leg unloading 
would result in larger stepping thresholds for perturbations towards the paretic side and 
smaller stepping thresholds for perturbations towards the non-paretic side. We further 
expected that, for perturbations exceeding the stepping threshold, WBA would result in 
an increased frequency of stepping with the paretic leg.  
MethoDS
Participants
Participants were recruited from local rehabilitation facilities and through advertise-
ments. Fourteen people at least 6 months after unilateral stroke were included (Table 
1). To be included, participants had to be able to stand and walk independently or 
under supervision (Functional Ambulation Categories (FAC) ≥ 3). Participants were 
excluded if they suffered from neurological (except stroke), cognitive (mini mental state 
examination (MMSE) < 24) or musculoskeletal disorders that affect postural stability. 
All included participants gave their written informed consent and completed the full 
protocol. The study was approved by the local ethical board and conducted according 
to the Declaration of Helsinki.
table 1. Subject Characteristics
Mean(sd)
Age (years) 62 (9)
gender (M/F) 11/3
time Post Stroke (months) 54 (47)
type of stroke (Ischemic/ hemorrhagic) 11/3
Paretic Side (left/right) 7/7
Fugl Meyer leg Score (0-34) 29 (4)
Motricity Index leg (0-100) 75 (9)
Berg Balance Scale (0-56) 55 (1)
experimental procedure 
Prior to testing, all participants underwent a clinimetric assessment including the Fugl 
Meyer Assessment (FMA),81 Motricity Index34,69 and Berg Balance Scale.17,18 These 
tests were performed by a licensed physical therapist. 
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For the balance assessment, participants were standing on a moveable platform 
with two embedded force plates (174x240 cm).209 The platform could deliver sudden 
translational perturbations in four directions (forward, backward, towards paretic and 
towards non-paretic side). Please note that a platform translation results in a balance 
perturbation in the direction opposite to the translation direction. In this paper we will 
refer to the direction of the perturbation. Perturbations consisted of an acceleration 
(300 ms), constant velocity (500 ms), and deceleration phase (300 ms). The intensity 
of the perturbations was defined by the acceleration of the platform. We imposed three 
conditions of initial WBA (0, 10 and 20% of body weight unloading of the paretic leg). 
The order of the conditions was balanced among participants. Initial WBA was compu-
ted according to the following formula: 
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Participants stood on the platform with their feet 4.5 cm apart. They were instructed to 
recover balance with a feet-in-place response. A recovery attempt was classified as a 
feet-in-place response if the perturbation was sustained without stepping or grabbing 
the rail surrounding the platform. Before each trial, visual fe dback regarding the weight 
distribution was provided on a screen. The actual weight distribution was indicated by a 
bar, while a red line represented the target value. When the target value was reached, 
the experimenter turned off the visual feedback. To prevent injuries, participants wore a 
safety harness and an ankle brace (ASO, Medical Specialties, USA) on the paretic side.
Prior to determining the stepping thresholds for each condition, we administered four 
practice trials (one for each direction) at an intensity level of 0.5 m/s2. For each pertur-
bation direction, the stepping threshold was determined by gradually increasing the per-
turbation intensity with initial steps of 0.25 m/s2. If a participant failed once, the intensity 
was decreased by 0.125 m/s2. Subsequently the perturbation intensity was varied until 
the stepping threshold was determined. The starting intensity of the iterative protocol 
was based on the participants’ performance in the practice trials. As a result of the 
iterative nature of the protocol, the order of perturbations differed across participants. 
However, the direction and exact timing of the perturbation was always unknown for the 
participants. We defined the stepping threshold as the highest perturbation intensity that 
could be sustained with a feet-in-place response.62,67 A participant ‘passed’ an intensity 
level if at least one out of three trials was overcome with a feet-in-place response. We 
also quantified each individual’s ‘optimal WBA’ as the imposed WBA condition with the 
smallest absolute difference in stepping threshold for perturbations towards the paretic 
vs. non-paretic side. 
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We also administered three trials at the intensity level above the stepping threshold 
to determine the preferred stepping leg for each WBA condition. For sagittal plane 
perturbations we defined steps as ‘paretic’ or ‘non-paretic’. For lateral perturbations 
we determined the percentage of side step strategies (as opposed to crossover steps 
which are less effective).143 A recovery attempt was classified as a side step if the first 
leg to extend the base of support in the perturbation direction was the leg that was 
passively loaded by the perturbation. 
Data collection and processing
Ground reaction forces under each foot were measured at 2000 Hz. To verify that initial 
WBA was performed as instructed, we calculated the actual WBA over 500 ms before 
the perturbation.
Kinematic data were recorded at 100 Hz with an 8 camera motion analysis system 
(Vicon, Oxford, UK). Reflective markers were placed on the pelvis (left and right poste-
rior superior iliac spines) and the spinous process of 10th thoracic vertebra. We compu-
ted the midpoint between these markers as an estimate of the Center of Mass (COM) 
position in the frontal plane. Additional makers were placed on the platform and lateral 
malleoli to correct the COM position for the platform movements. For the sideways 
feet-in-place trials collected at the stepping threshold we computed the initial COM 
position with respect to the midline during the 500 ms interval prior to the perturbation. 
In addition, we computed the maximal distance between the midline and the COM after 
the perturbation.
Statistical analyses
To determine whether WBA affected stepping thresholds and COM positions before 
and following the perturbations, we used a repeated-measures general linear model 
with ‘Direction’ and ‘WBA’ as within-subject factors. In the case of a significant effect of 
WBA, we compared separate initial weight-bearing conditions with Bonferroni-corrected 
post-hoc tests. The effect of WBA on stepping leg was tested with a chi-square test for 
each direction. To investigate whether the difference in frontal-plane stepping thres-
holds (starting from the symmetric WBA condition) was related to leg motor selectivity, 
we determined the Pearson correlation coefficient between the FMA score of the paretic 
leg and the difference in frontal-plane stepping thresholds (non-paretic vs. paretic). In 
addition, we computed the Spearman correlation between individuals’ ‘optimal WBA’ 
and their preferred WBA. The alpha level was set at 0.05. 
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reSultS
Initial weight-bearing asymmetry
The average actual values of WBA were 1.7±2.1%, 9.8±2.0%, and 18.4±3.1%, which 
was very close to the set WBA conditions (0%, 10% and 20%). Preferred WBA during 
quiet standing was 4.4±7.7%. Participants completed 38±5 trials per WBA condition.
Stepping threshold
For the stepping threshold, both the main effect of Direction and the Direction*WBA 
interaction were significant (p<0.01, Figure 1). More WBA resulted in higher stepping 
thresholds for perturbations towards the paretic side and lower stepping thresholds for 
perturbations towards the non-paretic side (p<0.01 for the 20% WBA vs. the 0% WBA 
conditions). Compared to the symmetric weight-bearing condition, the ‘gain’ in stepping 
threshold towards the paretic side was 14.7% for the 20% WBA condition. This went 
hand in hand with 21.2% ‘loss’ in stepping threshold towards the non-paretic side. Step-
ping thresholds in the anteroposterior directions did not differ between WBA conditions.
Figure 1. 
Effect of WBA on stepping thresholds for forward and backward perturbations (left panel) and side-
ways perturbations (right panel). The general linear model for repeated measurements revealed a 
significant effect of Direction and WBA*Direction (p<0.05). * indicates significant (p<0.05)  Bonferroni 
corrected post-hoc test.
For the symmetric weight-bearing condition, poorer leg motor selectivity (lower FMA 
score) was associated with a higher stepping threshold towards the non-paretic compa-
red to the paretic side (R=-0.57, p=0.03). In addition, individuals’ ‘optimal WBA’ in terms 
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of symmetry in frontal plane stepping thresholds was not significantly correlated to their 
preferred WBA (Spearman’s Rho=-0.06, p=0.83).
Center of Mass positions
For the COM positions prior to the perturbations there was a significant main effect of 
WBA condition (p<0.01, for main effect of WBA and post-hoc test between the 3 condi-
tions). With greater paretic leg unloading, the initial COM position was shifted towards 
the non-paretic leg (Figure 2). Initial COM positions were not different for perturbations 
towards the paretic and non-paretic side (p>0.05 for direction and direction*WBA).
Figure 2. 
COM positions for sideways perturbations at the stepping threshold. Initial COM positions over 500 
ms window prior to the perturbations (dotted) and maximum COM positions following the perturba-
tions (solid). Only initial COM positions were different across WBA conditions (p<0.01).
The maximum distance between the midline and the COM after the perturbation was 
not different across WBA conditions or between perturbations towards the paretic and 
non-paretic side. 
Stepping leg
For anteroposterior perturbations, WBA resulted in an increased likelihood of stepping 
with the paretic leg (χ2>6.9, p<0.04, Figure 3). Upon perturbations towards the paretic 
side, no side steps were observed when standing symmetrically. Yet, the number of side 
steps increased to 12% when the paretic leg was unloaded (χ2=7.4, p=0.03). Side steps 
were more common upon perturbations towards the non-paretic side (44%) regardless 
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of initial WBA (χ2=0.8, p=0.66). In the remaining trials, participants responded either 
with a crossover step or by grabbing the rail without taking a step.
Figure 3. 
Effect of WBA on stepping leg. The upper panels show the percentage of paretic steps upon forward 
and backward perturbations. The lower panels show the percentage of side steps upon perturbations 
towards the paretic and non-paretic side. * indicates p<0.05 for the effect of WBA condition revealed 
by the Chi-square test.
DISCuSSIoN
We investigated the effect of initial WBA on balance recovery from multidirectional 
stance perturbations in people with chronic stroke. With greater WBA, participants 
could overcome larger perturbations towards the paretic side without stepping, whereas 
stepping thresholds towards the non-paretic side were reduced by increasing WBA. 
Furthermore, paretic leg unloading increased the probability of stepping with this leg 
upon anteroposterior perturbations. It also resulted in the possibility to take paretic side 
steps when perturbed towards this side. 
WBA has sometimes been regarded as a cause of postural instability after stroke.177,232 
Indeed, in healthy individuals, balance-correcting actions of a leg increase with more 
loading of the leg6,179,248,289 and symmetrical weight distribution is associated with opti-
mal postural stability.6,248 Based on these observations, one might argue that increased 
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weight-bearing on the paretic leg in individuals with stroke could increase balance 
corrective actions of this leg, thereby improving overall postural stability. However, 
findings from studies conducted in post-stroke individuals demonstrate that this is not 
the case.179,289 It was found that increased loading of the paretic leg did not improve 
postural reflexes in the paretic ankle dorsiflexors.179 Furthermore, corrective torques 
under the paretic leg appeared to be small, despite substantial weight-bearing.289 These 
findings imply that more loading of the paretic leg does not automatically improve its 
contribution to postural control in terms of corrective torques or postural reflexes. This 
is particularly relevant for sagittal plane balance control where ankle torques under 
both legs can work together in resisting internal or external balance perturbations. Our 
finding that forward and backward stepping thresholds were unaffected by paretic leg 
unloading further indicates that WBA is not detrimental for sagittal plane feet-in-place 
balance capacity.  
People with stroke are particularly vulnerable when perturbed towards the paretic 
side.307 The larger stepping thresholds in this direction with increasing WBA may be a 
potential benefit. This improvement, however, went along with lower stepping thresholds 
towards the non-paretic side. On average, the ‘gain’ in stepping threshold towards the 
paretic side (14.7%) was smaller than the ‘loss’ in stepping threshold towards the non-
paretic side (21.2%). Nevertheless, our finding that asymmetry in frontal plane stepping 
thresholds was related to leg motor scores suggest that particularly individuals with 
poorer leg motor selectivity may benefit from some WBA to achieve more symmetrical 
frontal-plane stepping thresholds. Yet, the finding that individuals’ preferred WBA was 
not correlated to the WBA condition with the most symmetrical frontal plane stepping 
thresholds suggests that people after stroke may not always choose their optimal weight 
distribution. However, to gain more profound insight into the issue of ‘optimal WBA’ after 
stroke, not only stepping threshold but also step quality should be taken into account. 
Participants adopted an asymmetric stance by shifting their initial COM position towards 
the non-paretic side. This created more ‘leeway’ for overcoming perturbations towards 
the non-paretic side, resulting in higher stepping thresholds. Consequently, stepping 
thresholds towards the non-paretic side decreased by WBA due to a smaller separation 
between the COM and the edge of the base of support in this direction. Maximum 
COM positions relative to the midline were not affected by WBA, indicating that stability 
margins that participants allowed before they decided to take a step were unaffected 
by initial WBA. Hence, the mechanisms underlying the effect of WBA on frontal plane 
stepping thresholds seem to be similar in people after stroke compared to healthy 
individuals.62
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Stepping is an important strategy to overcome relatively strong postural perturbations. 
In the sagittal plane, we observed more steps with the paretic leg when this leg was 
unloaded. This may impair step quality as paretic steps are probably of poorer quality.227 
Bearing less weight on the paretic leg may, thus, be detrimental for sagittal-plane step-
ping responses. On the other hand, the larger number of side steps towards the paretic 
side may be a potential benefit of WBA as side steps are typically more effective than 
crossover steps.143 Importantly, WBA did not result in more crossover steps towards the 
non-paretic side. 
Overall, it remains a challenge to understand why people with stroke stand asymme-
trically. Previous authors have suggested that bearing more weight on the non-paretic 
leg may be a compensatory strategy for the reduced regulatory activity of the paretic 
leg.87,246,289 Our finding that WBA increases stepping thresholds and the number of side 
steps following perturbations towards the paretic side further supports the notion that 
WBA, from a ‘motor’ perspective,  is a strategy to compensate for the consequences 
of impaired leg motor control due to stroke. Alternatively, it has been suggested that 
WBA after stroke can be explained by deficits in verticality perception of the long body 
axis, which is common after cerebral hemisphere lesions.12,231 Indeed, a more tilted 
perception of body axis was associated with more severe WBA after stroke.12 As the 
direction of tilt (towards the paretic side) is usually opposite to the direction of WBA 
(towards the non-paretic side), WBA can be regarded as a compensatory strategy from 
this ‘perceptual’ perspective as well. Thus, both perceptual and motor deficits probably 
contribute to compensatory WBA post stroke, although their respective contributions 
may differ between patients depending on cerebral lesion extent and location.  
Our study has a few limitations. First, we included patients with relatively good balance 
capacity. Our finding that asymmetry in frontal plane stepping thresholds was associa-
ted with FMA scores suggest that effects of WBA may be different for more severely af-
fected patients. In these patients the effects of WBA may be even more pronounced, at 
least for frontal plane stepping thresholds. A second limitation is that the performance of 
our participants throughout the experiment might have been affected by motor learning 
or fatigue. Although we balanced the order of the WBA conditions among participants to 
prevent these factors from systematically influencing our outcomes, learning or fatigue 
may have affected the performance of individual participants differently. Nevertheless, 
we were able to demonstrate WBA related effects on both stepping threshold and step-
ping leg. Finally, the imposed WBA conditions may have created a dual task effect. 
We attempted to minimize this effect by turning off the visual feedback prior to the 
perturbation.
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In conclusion, we have demonstrated that after stroke some degree of WBA may be 
advantageous for overcoming balance perturbations towards the paretic side.  As 
such, our results strengthen the findings of previous studies that WBA can, to some 
extent, serve as a compensatory strategy to optimize both static and dynamic aspects 
of postural stability after stroke. It remains to be investigated, however, to what extent 
the benefits of WBA outweigh its possibly detrimental effects on the potential to recover 
from perturbations in other directions than towards the paretic side. For now, clinicians 
should at least consider these differential effects of WBA on postural stability when 
setting individual goals for balance rehabilitation after stroke. 
 
Chapter 4
Body configuration at first stepping-foot contact predicts 
backward balance recovery capacity in people with chronic 
stroke
Submitted as: 
de Kam D, Roelofs JM, Geurts AC, Weerdesteyn V. Body configuration at first 
stepping foot contact predicts backward balance recovery outcome in people 
with chronic stroke.
70
Chapter 4
ABStrACt 
OBJECTIVE: To determine the predictive value of leg and trunk inclination angles 
at stepping-foot contact for the capacity to recover from a backward balance 
perturbation with a single step in people after stroke.
DESIGN: Cross-sectional study
SETTING: University Medical Center
PARTICIPANTS: Twenty-four chronic stroke survivors and 21 healthy controls.
MAIN OUTCOME MEASURES: Participants were subjected to multidirectional 
stance perturbations at different intensities on a translating platform. In this paper 
we focus on backward perturbations. Participants were instructed to recover from 
the perturbations with maximally one step. A trial was classified as ‘success’ if ba-
lance was restored according to this instruction. We recorded full-body kinematics 
and computed: 1) body configuration parameters at first stepping-foot contact (leg 
and trunk inclination angles) and 2) spatiotemporal step parameters (step onset, 
step length, step duration and step velocity). We identified predictors of balance 
recovery capacity using a stepwise logistic regression. Perturbation intensity was 
also included as a predictor.
RESULTS: The model with spatiotemporal parameters (perturbation intensity, step 
length and step duration) could correctly classify 85% of the trials as success or 
fail (Nagelkerke R2=0.61). In the body configuration model (Nagelkerke R2=0.71), 
perturbation intensity and leg and trunk angles correctly classified the outcome 
of 86% of the recovery attempts. When combining the body configuration and 
spatiotemporal parameters, only perturbation intensity and leg and trunk angles 
were retained as predictors. Participant group and stepping leg (paretic or non-
paretic) did not significantly improve the explained variance of the final model. 
CONCLUSIONS: Body configuration at stepping-foot contact is a valid and clini-
cally feasible indicator of backward fall risk in stroke survivors, given its potential 
to be derived from a single sagittal screenshot. 
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INtroDuCtIoN
Falls are a considerable health problem after stroke because of their major physical 
and psychological consequences. Even in chronic stroke survivors, the risk of falls is 
substantially higher than in the general older population (1.4-5 vs 0.65 falls per year).307 
Balance problems are among the most important risk factors for falls. Training programs 
aimed at improving balance effectively reduce the risk of falling in older individuals.91 
In people with stroke, however, similar type of exercise programs have failed to reduce 
fall risk.299 To develop effective fall preventive strategies in people after stroke, better 
insight in critical determinants of falling is needed.  
In daily life situations, reactive stepping after a loss of balance is an important saving 
strategy to prevent an actual fall. Such stepping responses are substantially impaired 
in people after stroke.64,127,136,172,228,252 When exposed to balance perturbations in a 
laboratory situation, people after stroke demonstrated later and smaller steps and their 
center of mass (COM) was closer to the boundaries of their base of support (BOS) at 
the moment of first foot contact.228,252 Deficits in step kinematics were associated with a 
greater likelihood of perturbation-induced falls in the forward direction.114 Yet, it remains 
to be investigated, which step characteristics are most critical for backward balance 
recovery in stroke survivors. 
Studies in healthy individuals have already provided important insight into critical 
determinants of balance recovery capacity following backward perturbations. It was 
found that body configuration at the instant of first stepping-foot contact could discri-
minate between single step and multiple step balance recovery attempts in healthy 
older individuals.122 In another study, healthy young individuals were exposed to large 
magnitude backward perturbations that resulted in actual falls in 42% of the trials.309 
Following these perturbations, vertical leg and trunk inclination angles at first stepping-
foot contact could correctly classify 96% of the trials as a successful or a failed recovery 
attempt. Traditional spatiotemporal step parameters (step onset, step length and step 
duration) could only classify 84% of the attempts correctly, indicating that simple body 
configuration parameters at first stepping-foot contact are sufficient to quantify the qua-
lity of backward reactive steps in healthy individuals. Such parameters could be highly 
valuable to identify people that are prone to falling in high-risk populations, such as 
stroke. However, it needs to be investigated whether such a simple model also applies 
to a much more heterogeneous group of people with stroke, in whom neuromuscular 
functions like muscle strength and coordination can vary greatly between subjects and 
also between the paretic and non-paretic leg within subjects. 
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In the present study, we compared the predictive value of body configuration vs. spa-
tiotemporal parameters for the capacity to recover with a single step from a backward 
perturbation in people after stroke. We hypothesized that both groups of parameters 
would be predictive of balance recovery capacity (i.e. single or multiple step). Based on 
previous findings in healthy individuals,309 we expect body configuration parameters to 
have a greater predictive value than spatiotemporal parameters. 
MethoDS
Participants 
Twenty-four ambulatory people in the chronic phase (> 6 months) after a unilateral 
supratentorial stroke as well as 21 healthy older adults (aged > 55 years) participated in 
this study (Table 1). Participants had to be able to stand and walk independently or un-
der supervision (Functional Ambulation Categories (FAC) ≥ 3). Individuals who suffered 
from neurological (except stroke), cognitive (Mini Mental State Examination (MMSE) < 
24) or musculoskeletal impairments as well as people who used medication that affects 
reaction time (e.g. neuroleptics and benzodiazepines) were excluded. Written informed 
consent was obtained from all participants. The protocol was approved by the Medical 
Ethical Board of the region Arnhem-Nijmegen and all procedures were conducted in 
accordance with the Declaration of Helsinki.
table 1. Participant characteristics
People with stroke (n=24)
Mean (SD) or number
healthy controls (n=21)
Mean (SD) or number
Gender (male/ female) 19/5 6/15
Age (years) 61.1 (9.1) 64.3 (5.2)
Body Weight (kg) 82 (14) 71 (15)
Height (m) 1.73 (0.10) 1.69 (0.09)
Time since stroke (months) 60 (48) NA
Paretic side (left/ right) 13/11 NA
Type of stroke (ischemic, hemorrhagic) 19/5 NA
Fugl-Meyer Assessment - leg score 28.4 (4.1) NA
Motricity Index - leg score 75.0 (10.1) NA
Berg Balance Score 52.0 (4.9) 55.9 (0.4)
NA= not applicable. Possible score ranges for the clinical tests are: Fugl-Meyer Assessment - leg 
score, 0-34; Motricity Index - leg score, 0-100;  Berg Balance Score 0-56.
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experimental setup
Participants stood barefoot with their feet 4.5 centimeters apart on a moveable platform 
(Length x Width: 240 cm x 174 cm).209 The platform could suddenly and unexpectedly 
translate in either of four directions (forward, backward, leftward and rightward). The 
perturbation waveform involved a 300 ms acceleration phase followed by a 500 ms 
constant velocity period and a 300 ms deceleration phase. Participants wore a safety 
harness that was attached to a sliding rail in the ceiling and which moved synchronically 
with the anteroposterior movements of the platform. People with stroke wore an ASO 
ankle brace (Medical Specialities, Wadesboro, North Carolina, USA) on the paretic side 
to prevent ankle injury.
experimental protocol
Participants were instructed to recover from the perturbations with a maximum of one 
step and not to grab the rail. A trial was classified as ‘success’ if there was no further 
backward extension of the base of support after the first step. After eight practice trials, 
the perturbation intensity was gradually increased until participants were unable to 
respond with a single step or until the maximum perturbation intensity was reached. 
Four trials were collected at each of four fixed intensities (1.5, 2.5, 3.5, 4.5 m/s2) as 
far as feasible for the participant. In order to minimize anticipation to the perturbations, 
backward perturbations were alternated with forward and sideways perturbations.
Data collection and analysis
Full body kinematics (Vicon Plug-in-Gait) were recorded at 100 Hz using an 8-camera 
3D motion capture system (Vicon Motion Systems, Oxford, UK). An additional reflective 
marker was placed on the translating platform to correct marker positions for platform 
movement. Marker trajectory data was filtered with a second order, 5 Hz low-pass, 
zero-lag Butterworth filter. The start of the perturbation was determined from a digital 
platform position signal and the instants of step onset and foot contact were determined 
from the foot marker recordings. Vertical leg and trunk inclination angles at foot contact 
were calculated in the sagittal plane. The trunk segment was defined by the line con-
necting the mid-shoulder to the mid-pelvis and the leg segment was defined by the line 
connecting the mid-pelvis to the 2nd metatarsal of the stepping-foot. A forward tilted 
trunk and a foot position posterior to mid-pelvis were defined as a positive trunk and 
leg angle, respectively. All outcome measures were calculated with a custom written 
Matlab Program.
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Statistical analysis
To evaluate whether stroke survivors and controls differed in their capacity to sustain 
the increasing perturbation intensities, we conducted a survival analysis on the number 
of individuals that were still in the experiment at the different perturbation intensities. 
To determine which step parameters were different between successful and failed re-
covery attempts, we used separate independent samples t-tests for each perturbation 
intensity. Associations between spatiotemporal step and body configuration parameters 
were quantified by Pearson correlations. To compare the predictive value of both body 
configuration and spatiotemporal step parameters for balance recovery capacity, we 
used a stepwise logistic regression analysis for each group of parameters separately 
(p<0.05 for entry and p>0.10 for removal of variables from the model). Perturbation 
intensity was also included as a possible predictor in each of the models. Subsequently, 
we combined the parameters that were retained in both models in one stepwise regres-
sion analysis to identify the final predictors of balance recovery capacity.  
reSultS
Successfulness of backward balance recovery attempts
A total of 522 trials with a backward perturbation were available for analysis, 235 of 
which were obtained from the people with stroke. Five participants in the stroke group 
failed in all backward trials. One participant with stroke (4%) succeeded in all trials, 
whereas this was true for two of the control subjects (10%). The remaining participants 
had both successful and failed recovery attempts.
Participants remained in the experiment until they consistently failed to recover from the 
perturbations with a single backward step. As a consequence, 66% of the controls and 
83% of the people with stroke had missing data at one or more of the fixed perturbation 
intensities. The survival curve in Figure 1 (top panel) shows that the experiment was 
terminated at lower perturbation intensities in the people with stroke compared to the 
control subjects (chi2=4.6, p=0.032), indicating that their balance recovery capacity was 
poorer. 
Descriptive data for both spatiotemporal and body configuration parameters are pre-
sented in Figure 1 (lower panels). As only individuals with better recovery capacity 
were tested at the higher perturbation intensities, step parameters were increasingly 
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determined by those individuals. Comparison of step parameters between people with 
stroke and controls would thus suffer from selection bias. Therefore, we did not perform 
between-group statistics on the step parameters.
Figure 1. Top panel: Proportion of participants that were still in the experiment at increasing pertur-
bation intensities. The survival curve shows that the experiment was terminated at lower perturbation 
intensities in the people with stroke compared to the control subjects (chi2=4.6, p=0.032), indicating 
that their balance recovery capacity was poorer. Lower panels: Descriptive data of spatiotemporal 
and body configuration parameters for each participant group at the four different perturbation in-
tensities.
Predictive value of body configuration and spatiotemporal step parameters
Table 2 presents body configuration and spatiotemporal step parameters for successful 
(single step) and failed recovery attempts. For all perturbation intensities, successful re-
covery attempts were characterized by more positive leg inclination angles, greater step 
length, higher step velocity, and longer step duration (p<0.01). We observed significant 
Pearson correlations between leg and trunk angles and most of the spatiotemporal 
step parameters (Table 3). Strong positive associations were found between leg angles 
and step length, duration and velocity (r>0.77, p<0.01). The same spatiotemporal pa-
rameters were weakly and negatively associated with trunk inclination angles (r<-0.23, 
p<0.01). 
76
Chapter 4
table 2. Descriptive statistics for failed and successful attempts
Perturbation 
intensity
(m/s2)
out-
come
Num-
ber of 
trials
leg 
angle
(degrees)
trunk 
angle
(degrees)
Step onset
(s)
Step 
length
(m)
Step 
Duration
(s)
Step 
Velocity
(m/s)
1.5 S 135  3.5 (4.5)#  3.1 (5.0) 0.33 (0.05)# 0.35 (0.09)# 0.28 (0.05)# 1.23 (0.19)#
F 55 -6.2 (3.6)  4.7 (5.5) 0.31 (0.03) 0.16 (0.08) 0.21 (0.05) 0.74 (0.27)
2.5 S 94  6.5 (4.2)#  2.5 (5.3)# 0.29 (0.03) 0.48 (0.09)# 0.29 (0.03)# 1.66 (0.17)#
F 69 -3.4 (5.1)  4.8 (5.2) 0.29 (0.03) 0.30 (0.10) 0.24 (0.03) 1.20 (0.31)
3.5 S 51  7.9 (3.4)#  1.7 (4.6) 0.26 (0.02) 0.56 (0.08)# 0.29 (0.02)# 1.92 (0.18)#
F 58  0.9 (4.0)  1.2 (7.5) 0.27 (0.07) 0.44 (0.08) 0.27 (0.03) 1.60 (0.19)
4.5 S 39  9.0 (3.6)# -0.6 (4.3)* 0.25 (0.01) 0.62 (0.09)# 0.30 (0.02)# 2.08 (0.20)#
F 21  2.7 (4.5)  2.8 (5.7) 0.25 (0.03) 0.50 (0.08) 0.27 (0.02) 1.84 (0.18)
*p<0.05, #p<0.01 for difference between successful and failed attempts. S=success, F=fail.
table 3. Correlation between body configuration and spatiotemporal parameters
Step onset Step length Step duration Step velocity
leg angle -0.18#  0.88#  0.78#  0.81#
trunk angle  0.08 -0.27# -0.24# -0.26#
#p<0.01 for Pearson correlation
table 4. Results of the stepwise regression analyses
Mean (sd) odds ratio (95% CI) p
Body configuration parameters (Nagelkerke R2 =0.71, 85.8% of trials correctly classified)
Perturbation intensity (m/s2) 2.6 (1.0) 0.16 (0.10-0.24) <0.001
Leg angle (degrees) 2.6 (6.3) 1.90 (1.69-2.12) <0.001
Trunk angle (degrees) 2.7 (5.6) 1.06 (1.00-1.12)   0.037
Spatiotemporal parameters (Nagelkerke R2 =0.61, 85.2% of trials correctly classified)
Perturbation intensity (m/s2) 2.6 (1.0) 0.04 (0.02-0.08) <0.001
Step length (cm) 40 (15) 1.36 (1.27-1.46) <0.001
Step duration (ms) 270 (44) 0.98 (0.96-0.99)   0.002
Table 4 shows the results of the stepwise logistic regression analyses. For the body 
configuration model, perturbation intensity, leg angle, and trunk angle were retained in 
the final model. Together, those parameters explained 71% of the variance in recovery 
outcome and a total of 448 of the 522 trials (86%) were correctly classified as success 
or fail. For the model with spatiotemporal step parameters, 61% of the variance in 
balance recovery capacity could be explained by perturbation intensity, step length, 
and step duration. With these predictors, a total of 445 of the 522 trials (85%) was 
correctly classified as success or fail. When we combined perturbation intensity, leg 
angle, trunk angle, step length, and step duration in one stepwise logistic regression 
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analysis, step length and duration were no longer retained. Hence, the final regression 
model consisted of only the body configuration parameters and perturbation intensity. 
With this model, the probability of successful single stepping balance recovery could be 
quantified with the following equation:
Formules proefschrift Digna 
 
 
Chapter 3A (0.5 - Ground reaction force  under unloaded leg
Total vertical ground reaction force  )*100%. 
 
 
Chapter 3B 
 Initial WBA = (0.5 - Vertical ground reaction force  under paretic leg
Total vertical ground reaction force  )*100%. 
 
Chapter 4  Probability of success = 1 - ( 1
1+e4.03−1.86∗perturbation intensity+0.64∗leg angle+0.06∗trunk angle) 
 
Chapter 6 
VAF = (1 −  (norm(observed data − reconstructed data))2
(norm(observed data))2  ) ∗ 100% 
 
Figure 2 demonstrates that there was very little overlap in particularly the leg inclination 
angles between failed and successful balance recovery attempts, indicating that leg 
inclination angle is a stronger predictor of backward balance recovery capacity than the 
trunk angle. Indeed, a 1° increase in leg angle increased the odds of successful balance 
recovery by almost twofold (OR=1.9), which was equivalent to a 10.7° change in trunk 
angle. The regression lines further demonstrated that the leg angles corresponding to 
a 50% probability of success increased with perturbation intensity, which indicates that 
larger (i.e. better) leg inclination angles are required to successfully recover balance at 
greater perturbation intensities. 
Overall, people in the control group were more likely to successfully recover balance 
with a single step than were people with stroke (67% vs. 54%, OR=1.9, p<0.01). Yet, 
when we entered participant group as a predictor to the body configuration model it was 
Figure 2. Leg and trunk inclination angles for failed and successful recovery attempts at the different 
perturbation intensities. Solid lines represent the values corresponding to a 50% probability of suc-
cess as determined by the logistic regression analysis.
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not retained during the stepwise procedure, which implies that the model’s predictive 
ability was independent of the presence of stroke. Similarly, given the differences in 
gender distribution between people with stroke and controls, we also checked if this 
may have biased the regression analysis. This was not the case as gender was not 
retained in the final model when added to the stepwise regression analysis. 
In our group of stroke survivors, the non-paretic leg was used for the first reactive step 
in 71% of the trials. Non-paretic stepping was associated with a greater likelihood of 
single step balance recovery compared to paretic stepping (60% vs. 38%, OR=2.5, 
p<0.01). We therefore also determined whether body configuration could predict 
ba lance recovery capacity, regardless of stepping leg (paretic/non-paretic). In an ad-
ditional logistic regression analysis within the stroke group, stepping leg also failed to 
survive the stepwise procedure. 
DISCuSSIoN
We aimed to determine whether body configuration at first stepping-foot contact could 
predict balance recovery capacity following backward perturbations in  chronic stroke 
survivors. As hypothesized, leg and trunk inclination angles at stepping-foot contact 
were stronger determinants of single-step balance recovery than spatiotemporal step 
parameters. A foot position more posterior to the pelvis and a more forward tilted trunk 
were associated with a greater likelihood of successful single step balance recovery, 
together explaining as much as 71% of balance recovery capacity at a given perturba-
tion intensity. 
People in the stroke group were less likely than controls to successfully recover from 
backward perturbations with a single step. Yet, participant group did not significantly add 
to the explained variance in recovery capacity when entered in the body configuration 
model. Similarly, in our group of stroke survivors, stepping leg did not add explained 
variance either, despite significantly poorer success rates for paretic vs. non-paretic 
steps. Hence, the poorer success rates in people after stroke, particularly when step-
ping with the paretic leg, can be accounted for by a less favorable body configuration 
at stepping-foot contact. 
The findings of this study raise the question as to why people after stroke achieve less 
favorable body configurations at stepping-foot contact. The ability to make a sufficiently 
long backward step seems important, since leg angles were most strongly associated 
with step length (r=0.88). Yet, our as well as previous findings consistently demonstrate 
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that the leg angle at first stepping-foot contact is a stronger predictor of backward ba-
lance recovery capacity.309 We suggest that the leg angle outperforms step length for 
quantifying reactive step quality, because it does not only provide information about foot 
displacement, but also captures the (horizontal) distance between the COM relative to 
the posterior edge of the BOS.48,84 Impaired backward balance recovery in people after 
stroke can thus be explained by a poorer ability to place the stepping leg far enough 
behind the COM.252 
In agreement with Weerdesteyn et al. we found that the leg inclination angle at first 
stepping-foot contact was a much stronger predictor of backward balance recovery than 
the trunk angle.309 In contrast, previous studies using forward perturbations reveal a 
more crucial role of trunk kinematics to successfully restore balance in this perturbation 
direction.57,114,225 More specifically, the ability to resist forward trunk flexion appeared to 
be critical to prevent falling following forward perturbations in both healthy individuals57 
and stroke survivors.114 We suggest that, for backward perturbations, a similar mecha-
nism (i.e. resisting backward tilting of the trunk) plays a less important role, because 
the anatomical range of motion of the trunk is much smaller for extension compared to 
flexion movements. 
Another factor that has shown to play an important role in overcoming forward perturba-
tions is the use of eccentric knee extensor torques to resist further COM displacement 
after stepping-foot contact.162 Yet, for backward balance recovery, the previous obser-
vation that body configuration at first stepping-foot contact almost perfectly predicted 
whether healthy individuals would eventually fall following very large balance perturba-
tions argues against a major role of post-landing joint torques.309 Our finding that body 
configuration predicts balance recovery capacity regardless of stepping leg (paretic / 
non-paretic / control) further supports the idea of a minor influence of post-landing joint 
torques. If such torques would be critical for successful balance recovery, differences 
in muscle strength between stroke survivors and controls would probably have resulted 
in group being an independent predictor of success in addition to body configuration. 
Clinical implications
Insight in key determinants of successful balance recovery is crucial for identifying stroke 
survivors at risk of falling. Previous studies have identified stroke-related deficits in re-
active step kinematics as well as determinants of successfulness of balance recovery in 
people after stroke.114,136,172,227,228,252 Our findings add to these previous observations by 
identifying a set of key parameters that are most critical for successful balance recovery 
following backward balance perturbations. These body configuration parameters (i.e., 
leg and trunk angle) capture the COM-BOS relationship at first stepping-foot contact and 
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are much easier to implement in a clinical testing paradigm than COM based measures, 
as they can potentially be derived from a ‘sagittal screenshot’ at first foot contact. It is 
important for these testing paradigms to standardize the intensity of the perturbations, 
given our observation that the required leg and trunk angles to recover balance depend 
on perturbation intensity. 
Study limitations
A limitation of this study was that, for safety reasons, we did not expose our participants 
with stroke to perturbation intensities at which they would actually fall. We therefore 
defined the use of single vs. multiple steps as an alternative criterion for balance reco-
very capacity. Although we instructed participants to try their hardest to recover balance 
with a single step, some individuals may have taken more steps, even if not strictly 
necessary for balance recovery. This may explain why the association between body 
configuration parameters and balance recovery capacity was not as strong as in a 
previous study that exposed young individuals to highly destabilizing perturbations.309 
Yet, this previous study also demonstrated that, after large perturbations, the quality 
of the first step is most critical for balance recovery, which justifies the use of single 
vs. multiple stepping as a proxy indicator of balance capacity. In addition, individuals 
who fall at high perturbation intensities also demonstrate poor step quality at small 
perturbation intensities.114 Hence, measuring leg and trunk angles at foot contact of the 
first balance correcting step appears to be a feasible and valid method for assessing 
backward reactive step quality in people with chronic stroke. 
A second limitation is that there may have been a learning or habituation effect throughout 
the experiment. Indeed, in the paper of Weerdesteyn and coworkers it was found that 
in healthy young adults, the probability of successful recovery increased with repeated 
perturbations.309 Yet, these improvements were found along with gains in leg angles, 
such that the association between body configuration and balance recovery outcome 
remained unchanged. Hence, the greater probability of success through learning or 
habituation appears to be mediated by a better execution of the first recovery step. 
Conclusion
We demonstrated that body configuration at first stepping-foot contact can predict the 
capacity to recover from a backward balance perturbation with a single step in indivi-
duals with stroke. Leg and trunk angles at the instant of foot contact hold promise as 
clinically feasible parameters to identify individuals with stroke at risk of backward falls, 
given their potential to be derived from a single sagittal screenshot.  
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ABStrACt 
BACKGROUND AND OBJECTIVE: Postural muscle responses are often impaired 
after stroke. We aimed to identify the contribution of deficits in very early postural 
responses to poorer reactive balance capacity, with a particular focus on reactive 
stepping as a key strategy for avoiding falls. 
METHODS: Thirty-four chronic stroke survivors and 17 controls were subjected 
to translational balance perturbations in four directions. We identified the highest 
perturbation intensity that could be recovered without stepping (single stepping 
threshold), and with maximally one step (multiple stepping threshold). We deter-
mined onset latencies and response amplitudes of seven leg muscles bilaterally 
and identified associations with balance capacity. 
RESULTS: People with stroke had a lower multiple stepping threshold than 
controls in all directions. Side steps resulted in a higher lateral multiple stepping 
threshold than crossover steps, but were less common towards the paretic side. 
Postural responses were delayed and smaller in amplitude on the paretic side 
only. We observed the strongest associations between gluteus medius onset and 
amplitude and multiple stepping threshold towards the paretic side (R2=0.33). 
EMG variables were rather weakly associated with forward and backward multiple 
stepping thresholds (R2=0.10-0.22) and with single stepping thresholds (R2=0.08-
0.15).
CONCLUSIONS: Delayed and reduced paretic postural responses are associated 
with impaired reactive stepping after stroke. Particularly, fast and vigorous activity 
of the gluteus medius is imperative for overcoming large sideways perturbations, 
presumably because it facilitates the effective use of side steps. As people with 
stroke often fall towards the paretic side, this finding indicates an important target 
for training.
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INtroDuCtIoN
A stroke results in a substantially increased fall risk compared to the general population 
(1.3-6.5 vs 0.65 falls per person year).261,307 These falls can have serious physical and 
psychosocial consequences and can even lead to long term disability.307 Poor perfor-
mance on clinical balance tests is an important risk factor for falls in daily life.16,126,161,307 
Although clinical tests can identify patients with balance impairments, they do not give 
insight into the underlying deficits contributing to falls. Better understanding of underly-
ing mechanisms of postural instability after stroke is necessary to develop therapeutic 
interventions to improve postural stability and to prevent falls.
A critical factor for preventing falls in daily life is the ability to regain balance after a 
perturbation.166 After small perturbations we can usually regain balance while keeping 
the feet in place. These feet-in-place strategies are not sufficient to overcome larger 
perturbations, which require reactive stepping or grabbing responses to avoid falling.166 
In people after stroke, the quality of reactive stepping responses is impaired.172 As a 
result, they are more likely to fall when experiencing a balance perturbation.176 
Balance perturbations evoke fast postural muscle responses with onset latencies as 
early as 100 milliseconds.179 In people after stroke, these early components of the 
automated postural responses (APRs) are delayed and smaller in amplitude.146,176 
Stroke-related deficits in APRs were more pronounced in individuals who fell in res-
ponse to imposed posterior perturbations compared to those who successfully restored 
balance.176 Although these findings hint at a causal relationship between defective early 
APRs and poorer postural stability, the strength of this relationship is unknown. Another 
open question is whether defective early APRs may also underlie stroke-related difficul-
ties in sustaining lateral perturbations. This is particularly relevant towards the paretic 
side, as it is in this direction that stroke patients are most prone to falling.307 
In this study we aimed to determine the association between stroke-related deficits in 
early APR components (onset latency and EMG amplitude in the initial 50 ms following 
muscle onset)  and a poorer capacity to recover from forward, backward and sideways 
balance perturbations. We determined the single stepping threshold (largest perturba-
tion that can be overcome with a feet-in-place response)55,56,62,193,270 and the multiple 
stepping threshold (largest perturbation that can be overcome with one step) as measu-
res of balance capacity. We hypothesized that single and multiple stepping thresholds 
would be reduced in people with stroke, in parallel with delayed and lower-amplitude 
APRs. We further expected to find the strongest associations for perturbations towards 
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the paretic side, as balance recovery in this particular direction largely depends on 
corrective torques generated by the paretic leg.    
MethoDS
Subjects
Thirty-four people >6 months after a unilateral supratentorial stroke and 17 healthy 
controls were included (Table 1). Participants had to be able to stand and walk inde-
pendently or under supervision (Functional Ambulation Categories (FAC) ≥3). Exclusion 
criteria were the presence of neurological (except stroke), cognitive (mini mental state 
examination (MMSE) <24) or musculoskeletal disorders, and use of medication that 
affects reaction time (e.g. neuroleptics and benzodiazepines). Written informed consent 
was obtained from all participants. The protocol was approved by the Medical Ethical 
Board of the region Arnhem-Nijmegen and all procedures were conducted in accor-
dance with the Declaration of Helsinki. 
table 1. Participants Characteristics
Stroke
N=34
Controls
N=17
Age in years (mean(sd)) 62 (9) 64 (5)
Sex (Male/Female) 26/8 7/10*
Berg Balance Scale (mean(sd)) 52.3 (4.6) 55.9 (0.5)*
Motricity Index leg (mean(sd)) 76.4 (11.4) -
Fugl-Meyer Score leg (mean(sd)) 28.6 (4.6) -
type of stroke (hemorrhagic/Ischemic) 6/28 -
time since stroke in months (mean(sd)) 56 (42) -
*p<0.05 for between-group comparison
Study protocol
Participants were assessed on two separate days approximately one week apart. On 
the first day the participants underwent a clinimetric assessment including the Berg 
Balance Scale, Motricity Index, and Fugl-Meyer scale. In addition, we determined the 
participant’s single stepping threshold (SST) as a measure of maximum capacity of the 
feet-in-place response. On the second day we identified the multiple stepping threshold 
(MST) as the maximum capacity for the reactive stepping response. On this occasion, 
we also performed electromyographic (EMG) recordings during a series of perturbati-
ons at two fixed intensity levels that were equal for all participants. 
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experimental setup 
Participants stood barefoot on a moveable platform (240x174 cm) with their feet 4.5 
centimeters apart. The people with stroke wore an ankle brace (ASO, Medical Special-
ties, Wadesboro, North Carolina, USA) on the paretic side to prevent ankle injuries. Par-
ticipants wore a safety harness that prevented them from falling in the event of balance 
loss, but did not otherwise provide any body (weight) support. Balance perturbations 
were delivered by platform translations in four directions (forward, backward, leftward 
and rightward). The perturbation direction was always unknown to the participant. The 
perturbation waveform consisted of a 300 ms acceleration phase, followed by 500 ms 
at constant velocity and a 300 ms deceleration phase. The perturbation waveform was 
chosen such that individuals could complete a reactive step within the constant velocity 
phase, thereby preventing the deceleration from interfering with the step.42,283
Single stepping threshold:  SSTs were determined for each of the four perturbation 
directions. Participants were instructed to restore balance without stepping or wit-
hout grabbing the rails surrounding the platform. We defined the SST as the largest 
perturbation that could be sustained according to this instruction, with a maximum of 
three attempts at each perturbation intensity. We gradually increased the perturbation 
intensity with initial steps of 0.25 m/s2, starting at 0.25 m/s2. If a participant failed once, 
the intensity was decreased by 0.125 m/s2. Subsequently the perturbation intensity was 
varied until the SST was determined.  
Multiple stepping threshold: Participants were instructed to restore balance with a 
maximum of one step and without using the safety rails. We only considered steps 
that resulted in an extension of the base of support in the perturbation direction. The 
MST for each direction was defined as the largest perturbation that could be sustained 
according to this instruction. The protocol for the MST was similar to the SST protocol, 
except that the starting intensity and the initial increments were set at 0.5 m/s2. The 
maximum value was 4.5 m/s2 as this was the maximum acceleration of the platform.   
To recover from sideways perturbations, we observed different stepping strategies: 1) a 
side step with the leg that was loaded by the perturbation, 2) a crossover step with the 
leg that was passively unloaded by the perturbation, and (occasionally) 3) no stepping 
response. In our further analyses we distinguish between side step (1) vs. no side step 
(2 and 3). 
Four trials each were collected at two fixed perturbation intensities (LOW, 0.5 m/s2; 
HIGH, 1.5 m/s2) for each direction. These trials were used for between-subject compa-
rison of postural responses. These intensities were chosen such that participants would 
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be capable of using a feet-in-place recovery strategy in the vast majority of LOW trials, 
whereas in the HIGH trials the participants would need to take a step.  
Data sampling and analysis
We used surface EMG (ZeroWire by Aurion, Italy; 2000 Hz) to measure bilateral muscle 
activity of seven leg muscles (gluteus medius (GLUT), biceps femoris (BFEM), rectus 
femoris (RFEM), peroneus longus (PER), tibialis anterior (TA), gastrocnemius medialis 
(GASTR), and soleus (SOL). Self-adhesive Ag-AgCl electrodes (Tyco Arbo ECG) were 
placed approximately two cm apart and longitudinally on the belly of each muscle, ac-
cording to the Seniam guidelines.108 The start of the perturbation was determined with 
a digital trigger signal.
EMG signals were first band-pass filtered (20-450 Hz, zero-lag, second order Butter-
worth filter), rectified and low-pass filtered at 20 Hz (zero-lag, second-order Butterworth 
filter). EMG onset latencies and response amplitudes were determined for the prime 
movers for each perturbation direction (forward: BFEM, GASTR and SOL; backward: 
RFEM and TA; sideways: GLUT and PER). EMG traces were aligned to the start of the 
perturbation and averaged for each perturbation direction and intensity. Onset latencies 
were determined using a semi-automatic computer algorithm that selected the instant 
at which the EMG activity first exceeded a threshold of two standard deviations above 
the mean background activity over a 500 ms period just prior to perturbation onset of all 
trials.207,214,215 After being determined by the computer algorithm, onset latencies were 
visually checked and corrected if needed. The mean EMG response amplitude was cal-
culated over a period of 50 ms following the onset of muscle activity after subtraction of 
background EMG. This time window was chosen based on pilot experiments in healthy 
subjects, where we observed that EMG signals in the stepping and stance leg following 
HIGH perturbations were symmetrical during the first 50 ms after muscle onset and then 
started to diverge depending on the role of the respective leg.
In control subjects, values of EMG variables and balance capacity were averaged 
between the left and right side for comparison with the stroke group.
Statistical analysis
We compared SSTs and MSTs between people with stroke vs. controls with an inde-
pendent samples T-test for each perturbation direction separately. Within the stroke 
group, we compared balance recovery capacity upon perturbations towards the paretic 
vs. non-paretic side with a paired-samples T-test. For MSTs in sideways directions, we 
performed a separate analysis according to step strategy (side step / no side step). For 
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each strategy, we compared MSTs between the paretic side, the non-paretic side and 
controls using an ANOVA. P-values of <0.05 were considered significant.
We used a Linear Mixed Model to compare the EMG variables (as obtained at the two 
fixed perturbation intensities) between the paretic side, the non-paretic side, and con-
trols. The dependent variables were ONSET and AMPLITUDE. Independent variables 
included LEG (paretic, non-paretic, control), MUSCLE, and INTENSITY. In the analysis, 
the factor LEG was modeled such that it included both within-subjects (between paretic 
and non-paretic) and between-subjects (paretic vs control and non-paretic vs control) 
comparisons. The interaction terms LEG*INTENSITY and LEG*MUSCLE were also in-
cluded. When significant main or interaction effects were found, we used post-hoc tests 
to compare between legs.  Since EMG amplitudes demonstrated a positively skewed 
distribution, we applied a LN (natural logarithm) transformation to these data for the 
Linear Mixed Model analysis. P-values of <0.05 were considered significant.
To determine whether EMG variables were associated with single or multiple stepping 
thresholds, we used stepwise linear regression analyses for each direction separately. 
The EMG variables for LOW perturbations were entered in the model as determinants 
for the SST, whereas EMG variables for HIGH perturbations were entered as determi-
nants of the MST (p<0.05 for entry and p>0.10 for removal of variables from the model). 
For the stroke group, we only included EMG variables of the paretic leg, as postural 
responses on the non-paretic side were not different from controls. A detailed overview 
of the statistical analyses can be found in Supplementary Table 1.
reSultS
In the stroke group, we could not determine the forward MST in one participant due 
to fatigue at the end of the experiment. For three participants in the stroke group, the 
HIGH perturbations towards the paretic side were too challenging. For these and two 
others, this was also true for HIGH perturbations towards the non-paretic side, whereas 
one participant could not perform the backward perturbation trials at the same intensity. 
The number of trials completed for the SST test was 63±7 trials in the stroke group and 
67±4 in controls. For the MST test, stroke survivors completed 99±26 trials vs. controls 
134±16 trials.
Balance capacity
SSTs were slightly lower in the stroke group, but we observed no significant differences 
compared to controls (p>0.05).The stroke group demonstrated substantially impaired 
90
Chapter 5
MSTs in all directions (Figure 1, p<0.01). MSTs  did not differ between perturbations 
towards the paretic vs. the non-paretic side (p=0.13). 
Figure 1
Single and multiple stepping thresholds for people after stroke and controls.  Panel A: single step-
ping thresholds were not different between groups p>0.05, whereas multiple stepping thresholds 
were smaller for people with stroke compared to controls (panel B, p<0.05 for all directions). For 
both multiple stepping thresholds obtained without (panel C) and with a side step strategy (panel 
D) stroke survivors performed worse towards the paretic and non-paretic side when compared to 
controls (p<0.05).
Side steps were less common for perturbations towards the paretic side (29% of the 
trials) compared to perturbations towards the non-paretic side (61%) and to sideways 
perturbations in controls (55%, p<0.01). Overall, side steps resulted in higher MSTs 
than crossover steps (3.2 ± 1.4 m/s2 vs 1.8 ± 1.1 m/s2, p<0.01). Side steps towards both 
the paretic and non-paretic side resulted in lower MSTs compared to those in controls 
(2.2 ± 1.3 m/s2 vs 3.0 ± 1.4 m/s2 vs 4.0 ± 0.9 m/s2, p<0.05), however, the difference 
between the paretic and non-paretic side did not reach significance (p=0.077). Similarly, 
MSTs achieved with crossover steps towards both the paretic and non-paretic side 
were reduced compared to controls (1.5 ± 0.8 m/s2 vs 1.0 ± 0.3 m/s2 vs 2.8 ± 1.1 m/s2, 
p<0.01). Crossover steps towards the non-paretic side (i.e. steps with the paretic leg) 
did not yield significantly lower MSTs than towards the paretic side (i.e. steps taken with 
the non-paretic leg; p=0.075).
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Postural muscle responses
The analysis for onset latencies yielded a significant main effect of LEG (Figure2). 
Paretic onset latencies exhibited an overall delay compared to the non-paretic leg (19 
ms delay, p<0.01) and the controls (18 ms delay, p<0.01). Onset latencies in the non-
paretic leg did not differ from controls (p=0.86).
Figure 2
Postural response onset latencies for low and high intensity perturbations (0.5 and 1.5 m/s2).
Faster muscle onsets were observed at HIGH compared to LOW perturbations. Yet, this 
acceleration was more pronounced in the paretic leg compared to the non-paretic leg 
and to controls, resulting in smaller differences in onset latencies between paretic legs 
and controls in the high (14 ms) compared to the low intensity perturbations (23 ms; 
LEG*INTENSITY, p<0.01). 
Delays in the paretic leg compared to controls differed per muscle as indicated by a 
significant LEG*MUSCLE interaction (BFEM 29 ms, GASTR 10 ms, SOL not delayed, 
RFEM 27 ms, TA 12 ms, GLUT 25 ms, PER 20 ms; LEG*MUSCLE p<0.01)
Response amplitudes (Figure 3) differed between the legs as indicated by a significant 
effect of LEG (p<0.01). The amplitudes were smaller in the paretic leg compared to 
controls (0.01 mV, p<0.01) and compared to the non-paretic leg (0.02 mV, p<0.01). The 
non-paretic leg did not differ from controls (p=0.06). 
Response amplitudes were larger for the HIGH compared to the LOW intensity (p<0.01 
for main effect of INTENSITY). The amplitudes on the paretic side were equally reduced 
compared to controls for the LOW and HIGH intensity (p=0.34 for LEG*INTENSITY).  
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There was a significant LEG*MUSCLE interaction (p<0.01), indicating that reduction 
in paretic-leg response amplitudes compared to controls was different across muscles 
(BFEM  0.006 mV, GASTR  0.035 mV, SOL 0.004 mV, RFEM 0.006 mV, TA 0.028 mV, 
GLUT 0.002 mV, PER not reduced).
Figure 3
Postural response amplitudes for low and high intensity perturbations (0.5 and 1.5 m/s2).
Postural responses as determinants of balance capacity
In general, associations between EMG variables and SSTs were weak, yet some 
variables reached the significance level (Table 2). For forward perturbations, delayed 
gastrocnemius onset latencies were associated with lower SSTs (p=0.01, R2=0.15). For 
perturbations towards the paretic side, larger peroneus amplitudes were associated 
with lower SSTs (p=0.04, R2=0.08). None of the EMG variables significantly predicted 
the backward SSTs.
table 2. Results of linear regression analysis
Dependent Variable Independent variable β P r2
Single stepping 
threshold
Forward Onset Gastrocnemius -0.003  0.01 0.15
Paretic side Amplitude Peroneus -2.459  0.04 0.08
Multiple stepping 
threshold
Forward Amplitude Gastrocnemius  8.934  0.03 0.10
Backward Onset Rectus Femoris -0.010  0.04 0.22
Amplitude Rectus Femoris  26.248 <0.01
Paretic side Onset Gluteus Medius -0.023 <0.01 0.33
Amplitude Gluteus Medius  45.880 <0.01
93
The next step in understanding impaired reactive balance control in people with stroke
5
Associations between EMG variables and MSTs were strongest for perturbations to-
wards the paretic side (R2=0.33). Here, delayed onsets and smaller amplitudes of the 
gluteus medius were associated with lower MSTs (p<0.01). In this perturbation direction, 
only three individuals with stroke who used a side step strategy achieved MSTs  within 
control values (average–2 sd=2.2 m/s2). In the HIGH perturbations towards the paretic 
side, these three individuals indeed demonstrated rather fast and strong paretic gluteus 
medius activity compared to the rest of the stroke group (Figure 4). 
Figure 4
Amplitude and onset of the paretic gluteus medius in people with stroke using crossover steps 
and side steps towards the paretic side. Side steps resulted in significantly larger multiple stepping 
thresholds towards the paretic side than no side steps. Individuals who used a side step and reached 
multiple stepping thresholds within healthy control values (>2.2 m/s2) demonstrated fast and large-
amplitude responses in paretic gluteus medius. These individuals also reached good scores on the 
clinical tests. 
Associations between EMG variables and MSTs were less pronounced for forward and 
backward perturbations. For forward perturbations, smaller amplitudes of the gastroc-
nemius were associated with lower MSTs (p=0.03, R2=0.10). Lower backward MSTs 
were associated with delayed onsets and smaller amplitudes of the rectus femoris 
(p<0.05, R2=0.22). 
DISCuSSIoN
We investigated to what extent deficits in very early automatic postural responses 
(APRs) of people with chronic stroke underlie their reduced capacity to sustain balance 
perturbations. Remarkably, stroke-related deficits in balance capacity were more pro-
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nounced for stepping than for feet-in-place responses. Early APR characteristics were 
most predictive for the MSTs towards the paretic side and, to a lesser extent, for MSTs 
in the forward and backward directions. 
Stroke-related deficits in reactive steps are in line with previous studies that included 
forward and backward perturbations.127,152,172 This study significantly adds to previous 
work by demonstrating that reactive stepping responses in both lateral directions are 
also profoundly impaired after stroke, which most likely increases the risk of falling 
sideways. Sideways falls have a 2.5 greater odds of resulting in hip fractures compared 
to other fall directions.310 Our finding of lower lateral MSTs in the people with stroke may 
partially explain why they are at a much higher risk of sustaining a hip fracture than 
healthy persons.240 
Another main finding was that deficits in early APR components – as the first line of 
defense against perturbations - were associated with impaired reactive stepping 
performance. These associations were strongest for perturbations towards the paretic 
side (R2=33%). When perturbed sideways, the most beneficial strategy for recovering 
balance is making a side step, as demonstrated by the overall higher MSTs that we ob-
served for side steps compared to crossover steps. Yet, this side-step strategy involves 
stepping with the leg that is passively loaded by the perturbation,143 and thus requires 
rapid active unloading to enable the leg to step. In stroke survivors, rapid unloading of 
the paretic leg following perturbations towards this side is presumably hampered by 
their poorer APRs in paretic gluteus medius, which may, consequently, affect their side-
stepping ability. Indeed,  side steps were 52% less prevalent towards the paretic com-
pared to the non-paretic side. Moreover, MSTs resulting from side steps with the paretic 
leg were substantially lower compared to side steps in controls, indicating that these 
paretic side steps were often of poor quality. In fact, only three people with stroke who 
took paretic side steps achieved the MSTs within the range of the control group. These 
individuals had relatively good clinical scores and demonstrated fast and strong gluteus 
medius activity compared the other  participants with stroke. Our findings, therefore, 
suggest that the ability to make effective paretic side steps following sideways balance 
perturbations greatly depends on fast and vigorous activity of the paretic hip abductor. 
Interestingly, MSTs were almost equally affected for perturbations towards the paretic 
vs. the non-paretic side. MSTs  towards the non-paretic side were particularly affected 
when  people with stroke used a (paretic) crossover step to recover balance. Despite 
this poor cross-stepping performance with the paretic leg, as many as 44% of the stroke 
participants used this strategy. It remains an open question whether these participants 
would still have the ability to use a non-paretic side-stepping strategy instead. Hence, 
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for future intervention studies aimed at improving balance control after stroke, we pro-
pose retraining of reactive side stepping as a key target, not only towards the paretic 
but also towards the non-paretic side.  
The finding that postural response deficits after stroke were associated with impaired 
backward MSTs confirms previous findings that individuals who fell in response to a 
balance perturbation demonstrated delayed postural responses compared to those who 
did not fall.176 Our results add to these previous findings by quantifying the strength of 
this association, which appeared to be rather weak (R2=22%). It may be that greater 
non-paretic APRs possibly compensated for the impaired paretic APRs. Our finding that 
APR amplitudes in the non-paretic leg were not increased compared to controls does 
not support this idea, but compensatory activity in the non-paretic leg may occur in later 
phases of the postural response.  
For forward perturbations, the association between APR characteristics and MSTs was 
even weaker (R2=10%). In this direction, we observed a ceiling effect in the MST, with 
all the controls and 16 participants with stroke reaching the maximum score (4.5 m/
s2).  To identify the impact of this ceiling effect on the strength of the association, we 
performed an additional regression analysis without these participants,  yielding no 
significant associations between APR characteristics and forward MSTs either. This 
finding negates defective APRs being a key determinant of poor reactive stepping in 
the forward direction. 
Instead, factors associated with the execution and post-landing phase of the step may 
be more important determinants of the MST in the sagittal plane. Previous studies in 
healthy individuals have found that successful balance recovery in the forward and 
backward directions can be predicted by the length of the step relative to the center 
of mass excursions.43,122,309 In addition, eccentric knee extensor torques are important 
in reducing further forward displacement of the center of mass after landing of the 
stepping foot following forward perturbations.162 Future studies may, therefore, focus 
on these mechanisms in explaining stroke-related deficits in MSTs in the sagittal plane. 
Surprisingly, SSTs were not significantly reduced in our stroke group, despite sub-
stantially impaired paretic leg postural responses. Additionally, we found no strong 
relationships between impaired muscle responses and reduced SSTs. This seems to 
contrast the previous observations that impaired postural responses on the paretic side 
were related to larger body sway.176 This discrepancy may be explained by the notion 
that people with stroke are reluctant to take a step. Indeed, this study, in addition to 
previous papers, has demonstrated that stepping performance is greatly impaired in 
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people with stroke. Consequently, they may perceive a greater need to rely on their 
feet-in-place responses and, therefore, allow the center of mass (COM) to more closely 
approach the boundaries of the base of support (BOS), before eventually taking a step. 
In contrast, healthy individuals may prefer to step at lower perturbation intensities - even 
if instructed not to do so - resulting in an underestimation of their maximum feet-in-place 
capacity. Future studies should, therefore, include a measure of the COM-BOS relati-
onship to determine whether the boundary conditions for stepping are indeed different 
between healthy individuals and people with stroke.
A limitation of this study is that SSTs were determined on a separate testing day. 
Between-day variations in performance may result in a weaker relationships between 
SSTs and EMG variables. It seems more likely, however, that the weaker relationships 
result from the absence of stroke-related impairments in SSTs. A second limitation of 
this study may be that only the cardinal (anteroposterior and mediolateral) perturbation 
directions were investigated. Previous studies  suggested that postural responses are 
controlled by  a low-dimensional set of muscle synergies, which often show their largest 
activation in diagonal perturbation directions.285 In people with stroke, some of these 
postural synergies are defective and some are intact.65 Possibly, relationships between 
postural response deficits and balance performance are stronger for perturbation 
directions that specifically involve the recruitment of those muscle synergies that are 
often defective after stroke. Moreover, diagonal perturbations towards the non-paretic 
side increase the number of paretic steps, resulting in different step characteristics.182 
We, therefore, suggest future studies to include diagonal perturbations as well. A third 
limitation is the large number of trials performed by participants. This may have induced 
both learning and fatigue effects, particularly affecting those participants who achieved 
greater perturbation intensities and thus had a larger number of trials. A limitation of 
using EMG amplitude as an outcome is that the signal can be influenced by factors 
other than muscle activation (i.e. background noise, skin impedance). Although we 
corrected our amplitudes for background activity, these factors my still have had some 
influence on the outcomes. In addition, stroke induces muscle atrophy, specific loss of 
type 2 muscle fibers282 and a smaller number of motor units7 on the paretic side, which 
factors influence EMG amplitude66 and may thus affect amplitude differences between 
the paretic vs. the non-paretic and control legs. Finally, the deceleration of the platform 
(800 ms after perturbation onset) may have helped participants to regain balance when 
it occurred during the first reactive step. However, in 95% of the trials collected at the 
MST, the step was completed within 800 ms, indicating that the deceleration only had a 
minor effect on group performance.
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In conclusion, stroke survivors show impaired reactive stepping capacity in all pertur-
bation directions, whereas feet-in-place capacity remains unaffected. Poorer stepping 
performance can partially be explained by impaired early postural muscle responses. 
Particularly, fast and vigorous gluteus medius activity  appears critical for overcoming 
large sideways perturbations, presumably by facilitating the effective use of side steps. 
There is some evidence that in people with stroke, both early APRs and reactive step-
ping can be improved with agility or perturbation-based training.170,178 Based on our 
findings, we specifically recommend including exercises for enhancing paretic side 
steps as a primary target for training and for preventing falls in people with stroke. 
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Supplementary table 
Balance capacity
Analysis outcomes used Statistical methods
Between-group comparison 
single and multiple stepping 
threshold
- Single and multiple stepping thresholds in 
each direction. 
- In controls, values for leftward and rightward 
perturbations were averaged for comparison to 
paretic and non-paretic leg in the stroke group.  
Independent samples 
t-test for each direction 
separately. 
Compare single and multiple 
stepping thresholds between 
paretic and non-paretic legs in 
the stroke group
Single and multiple stepping thresholds for 
perturbations towards paretic and non-paretic 
side in the stroke group.
Paired samples t-test.
Between-group comparison 
of sideways multiple stepping 
thresholds based on step 
strategy 
- Multiple stepping thresholds were classified 
as ‘side step’ or ‘no side step’ based on the trial 
obtained at the multiple stepping threshold 
- For controls, values for left and right were 
not averaged as step strategy sometimes 
differed between sides.
One way ANOVA
Compare number of side step 
strategies per leg
Step strategy was determined for all trials 
collected at the sideways multiple stepping 
thresholds
Chi-square test
Postural muscle responses
Analysis outcomes used Statistical methods
Between group comparison for 
EMG onsets and amplitudes
- EMG outcomes were obtained for using 
collected at two fixed perturbation intensity 
levels (LOW: 0.5 m/s2, HIHG 1.5 m/s2)
- Values for left and right leg were averaged 
for controls.
Linear Mixed Model with 
EMG variable (onset 
or amplitude) as the 
dependent variable and 
the following predictors: 
LEG (paretic, non-paretic, 
control), MUSCLE, 
INTENSITY)
Postural muscle responses as determinants of balance capacity
Analysis outcomes used Statistical methods
Identifying EMG outcomes 
predictive of single and 
multiple stepping thresholds
- EMG variables obtained at the two fixed 
perturbation intensities.
- Single and multiple stepping thresholds
- Values for left and right leg were averaged 
for controls.
- In the stroke group only the outcomes in the 
paretic leg were used.
- Linear regression 
analysis with single or 
multiple stepping threshold 
as the dependent variable 
and EMG variables as the 
predictors.
- Separate regression 
analysis was performed for 
each perturbation direction.  
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Deficient motor modules on the paretic side result in 
direction-specific postural instability after stroke
Submitted as: 
de Kam D, Geurts AC, Weerdesteyn V, Torres-Oviedo G. Deficient motor modules 
on the paretic side result in direction-specific postural instability after stroke. 
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ABStrACt 
Postural instability is a risk factor for falls in people after stroke. Defective muscle 
coordination of balance recovery responses may contribute to their greater fall 
risk. We investigated the association between postural response coordination 
deficits identified by muscle synergy analysis and perturbation-induced body 
sway in stroke survivors. Ten people after unilateral stroke (> 6 months) and 9 
healthy controls were subjected to translational balance perturbations in 12 
directions resulting in a feet-in-place balance correcting response. Activity of 
eight muscles was recorded bilaterally: erector spinae, gluteus medius, biceps 
femoris, semitendinosis, soleus, rectus femoris, peroneus and tibialis anterior. We 
extracted motor modules for each leg using nonnegative matrix factorization on 
the initial muscle activity (3 consecutive 75 ms time bins) following the first onset 
of activity. We also determined perturbation-induced body sway using a single-link 
inverted pendulum model. We used a repeated measures general linear model 
to compare the activation of motor modules that we identified in stroke survivors 
and controls to pinpoint abnormal directional tuning of postural responses. While 
three motor modules (W1-W3) were consistently found in healthy controls, some 
of these motor modules were either absent or abnormally activated in the paretic 
legs of stroke survivors. Specifically, motor module W3 (hamstrings and erector 
spinae, peroneus), which responded to forward body perturbations, was missing 
in 4 out of 10 paretic legs. Consequently, forward perturbations induced larger 
body sway in individuals without W3 than in those with it (p=0.02). Another deficit 
in the paretic legs of stroke survivors was the abnormally low initial activity of W2 
(tibialis anterior, peroneus and rectus femoris), which responded to posterolateral 
body perturbations (p<0.05). Accordingly, the lower initial W2 activity was strongly 
associated with increased body sway following posterolateral perturbations 
(R2=0.68, p<0.01). Lastly, the deficits in muscle coordination were heterogene-
ously distributed across people after stroke, indicating that they suffered from 
distinct deficiencies in muscle coordination. In conclusion, we identified specific 
stroke-related deficits in muscle coordination of postural responses that each 
resulted in a pattern of direction-specific postural instability. The heterogeneous 
distribution of these deficits across patients suggests that different pathophysiolo-
gical mechanisms underlie each of the deficits. The deficits in paretic W2 and W3 
hint at involvement of cerebral structures in activating these motor modules. In 
addition, identifying patient-specific postural control deficits is crucial for the deve-
lopment of targeted interventions to improve postural stability in stroke survivors.
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INtroDuCtIoN
Proper balance control is essential for mobility and activities of daily living.26,79,139,158,254 
When balance is perturbed, fast ‘automatic’ postural muscle responses APRs are the 
first line of defense to prevent a fall. These postural responses are highly coordinated 
and tuned to the direction of the balance perturbation.106,285,286 Studies in cats have 
demonstrated that the brainstem harbors the circuitry for these responses.112,267 In ad-
dition, cerebral structures seem to play a role as well, given the pronounced postural 
response deficits after lesions of one of the cerebral hemispheres.176,179 It is not yet fully 
understood how these cerebral structures are involved in postural control.131,167 
The role of cerebral structures in postural responses can be studied using stroke as a 
disease model. People with stroke demonstrate smaller and later postural responses 
to balance perturbations compared to healthy individuals.10,11,145,146,176 Delays in postural 
responses are, however, not the same for all muscles, indicating that coordination of 
postural responses is disrupted after stroke.145,176 Moreover, postural response deficits 
affect stroke survivors differently, due to the known heterogeneity of the disease.145 
With conventional EMG (electromyography) analysis techniques, it is difficult to capture 
the distinct muscle coordination deficits that can exist after stroke, as those techniques 
typically assess activity of individual muscles. Hence, more advanced analytical tools 
are needed to quantify deficits in activation across different muscles. 
In this study, we will use muscle synergy or motor module analysis to characterize 
stroke-related muscle coordination deficits of both the early APR and later postural 
response components. With this technique, factorization algorithms are used to identify 
groups of muscles (motor modules) that are co-activated.251,280,281 Each motor module 
serves a distinct biomechanical function, thereby allowing for the study of functional 
consequences of stroke-related muscle coordination deficits.285 Previous studies have 
used this technique in gait and upper extremity tasks and found that particularly the 
more severely affected stroke survivors had fewer independently controlled motor 
modules.4,47,51 This may underlie the reduced flexibility of motor output after stroke.47 It 
is unknown, however, how stroke affects motor modules for postural control.
In the present study, we aimed to identify stroke-related deficits in motor modules used 
for postural responses and their functional consequences. We hypothesized that people 
with stroke would demonstrate deficits in structure of motor modules as well as in their 
temporal recruitment. We also hypothesized these deficits to be heterogeneously distri-
buted across individuals with supratentorial stroke with each deficit resulting in a distinct 
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pattern of direction-specific postural instability. Taking into account these individual 
deficits is crucial for the development of targeted balance rehabilitation interventions. 
MAterIAlS AND MethoDS
Subjects
Ten people at least 6 months after a unilateral supratentorial stroke and 9 healthy 
controls were included (Table 1). Participants had to be able to stand and walk indepen-
dently or under supervision (Functional Ambulation Categories (FAC) ≥ 3). Individuals 
that suffered from neurological (except stroke), cognitive (mini mental state examination 
(MMSE) < 24) or musculoskeletal impairments were excluded. Written informed con-
sent was obtained from all participants. The protocol was approved by the Medical 
Ethical Board of the region Arnhem-Nijmegen and all procedures were conducted in 
accordance with the Declaration of Helsinki. 
table 1. Subject characteristics
Stroke
n=10
Controls
n=9
Age (years) 59 (10) 66 (8)
Sex (Male/Female) 8/2 4/5
Berg Balance Scale (0-56) 54.5 (2.3) 55.9 (0.3)
timed up&go (s) 8.8 (1.6) 7.2 (1.6)
Fugl-Meyer Score leg (0-34) 29.8 (4.6)
trunk Impairment Scale 19.7 (2.8)
type of stroke (haemorrhagic/ Ischemic) 0/10
time since stroke (months) 45 (31)
Numbers between brackets represent standard deviations, unless indicated otherwise.
experimental setup and protocol
Participants stood on a moveable platform (240 cm x 174 cm) with their feet 4.5 centime-
ters apart. They were randomly subjected to translational perturbations in 12 directions 
(see Figure 1A for perturbation directions). Note that perturbation directions are defined 
with respect to the leg of interest with 0° being a lateral translation (i.e. medial pertur-
bation) and 180° being a medial translation (i.e. lateral perturbation). The perturbation 
waveform consisted of a 300 ms acceleration phase, followed by 500 ms at constant 
velocity, and a 300 ms deceleration phase (Figure 1B). Perturbations were given at two 
different acceleration intensities. We started with low intensity perturbations (0.5 m/s2) 
at which most participants recovered with a feet-in-place response. Subsequently, we 
delivered higher intensity perturbations (1.5 m/s2) at which participants needed to take 
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a step. This study will focus on the analysis of feet-in-place responses. We collected 
at least two trials per direction and per intensity, but up to four trials were collected if 
feasible for the participants. The total number of collected feet-in-place trials was 49±10 
for controls and 44±8 for people with stroke. 
Participants wore a safety harness to prevent them from falling. People after stroke 
wore an ankle brace (ASO, Medical Specialities, Wadesboro, North Carolina, USA) on 
the paretic side to prevent ankle injuries. 
Activity of the following muscles was recorded bilaterally: Erector Spinae (ERSP), 
Gluteus Medius (GLUT), Biceps Femoris (BFEM), Semitendinosis (SEMT), Rectus Fe-
moris (RFEM), Peroneus Longus (PER), Tibialis Anterior (TA) and Soleus (SOL). Self-
adhesive Ag-AgCl electrodes (Tyco Arbo ECG) were placed approximately two cm apart 
and longitudinally on the belly of each muscle, according to the Seniam guidelines.108 
EMG signals were sampled at 2000 Hz. For kinematic analyses reflective markers were 
placed on anatomical landmarks using the Vicon Full Body Plugin-Gait model (Vicon, 
Oxford, UK).60 The marker positions were recorded by an 8-camera 3D motion analysis 
system (100 Hz, Vicon Motion Systems, United Kingdom). The start of the perturbation 
was determined with a digital trigger signal. 
quality control of eMg data
As movement artifacts were observed in some of the trials, we systematically con-
trolled the quality of the EMG signals before further analysis. To ensure that active 
EMG signals (20-450 Hz) were not contaminated by movement artifacts (< 20 Hz) we 
checked the data using a two step approach. We first performed a magnitude analysis 
to determine whether the muscle was active. On epochs that were classified as ‘active’, 
we subsequently performed a frequency analysis to ensure that the activity in the 
EMG frequency band was at least two times larger than in the lower frequency band. 
Therefore, the quality of the EMG signal was considered acceptable if the frequency 
ratio (ratio between the total power spectral density (PSD) of the EMG frequency band 
(20-450 Hz) and the low (0-20 Hz) frequency band) was larger than two. Finally, a vi-
sual check was performed on the bins that would be excluded by the above-mentioned 
criteria. As a result of the quality control 2.6 (2.1)% of the data points were missing in 
the controls vs. 1.4 (0.9)% in the paretic legs and 1.3 (1.0)% in the non-paretic legs of 
the stroke patients.
eMg Data processing
Data that passed the quality control procedure was band-pass filtered at 35-450 Hz, 
demeaned, rectified, and low-pass filtered at 40 Hz.285 Muscle activity during the postu-
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ral response (PR) was characterized as the average activity over three consecutive 75 
ms time bins (PR1, PR2 and PR3; Figure 1C).50,285,286 Since people after stroke typically 
have delayed postural responses.145,176 the start of the first PR was determined for each 
individual, for each leg and for each perturbation intensity. This was done to ensure that 
differences in motor modules between stroke and control subjects reflect differences 
in muscle coordination rather than just a general delay in the postural response. To 
determine start of the first PR, onset latencies of the prime movers (activity > mean + 
2 sd of background activity) were determined using ensemble averaged EMG traces of 
perturbations in each of the four main (forward, backward and both sideways) transla-
tion directions.210,211 The start of the first PR was defined as the earliest onset across 
prime muscles for each cardinal translation direction. Visual inspection of averaged 
activation in all directions was performed to ensure bursts of activity in all muscles were 
captured for all directions.
To normalize the data, we considered trials of the low intensity perturbation and for the 
stance leg of the high intensity perturbations. Activity of each muscle was normalized 
to the root mean square of all data bins. In addition, the lowest value in the vector was 
subtracted to prevent overrepresentation of muscles that showed little modulation. After 
normalization we averaged the data for the low intensity perturbations for extraction of 
the motor modules, yielding a data matrix containing 8 muscles x 36 time points (12 
conditions x 3 PRs).
 extraction of motor modules
Motor modules for each leg were extracted using non-negative matrix factoriza-
tion.47,50,285,286 With this technique it is assumed that the muscle activity pattern (M) at a 
given time point after the perturbation is composed of a linear combination of a number 
of motor modules (Figure 1D). Each motor module (Wi) is activated by an activation 
coefficient (ci). The total muscle activity pattern at a given time point can be described 
as:
M = c1W1 + c2W2 + ... cnWn
In this equation Wi is a vector representing the spatial pattern of muscle activation and 
each element of Wi represents the relative contribution of a muscle to the motor module. 
The nonnegative scaling component ci describes the level of recruitment, thereby repre-
senting the purported neural command to the motor module. Since movement artifacts 
affected muscle recordings differently, the quality control resulted in missing values in 
our data matrix. We therefore used a modified version of the NNMF algorithm to be able 
to perform the factorization on matrices with missing data.285,286 This algorithm was in-
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troduced by Li et al. and was designed to factorize data matrices with missing values.157 
The algorithm minimizes the cost function K.*(observed data – reconstructed data) 
where K is the weighing matrix. In this matrix missing values have a weight of 0 and 
all other values have a weight of 1. As such, the algorithm does not take into account 
missing data in the factorization.
Figure 1. Data collection and analysis
Participants were exposed to translational balance perturbations in 12 directions (panel A). Note 
that the translation direction is opposite to the direction of body perturbation. The perturbation profile 
(panel B) consisted of a 300 ms acceleration phase, a 500 ms constant velocity phase and a 300 ms 
deceleration phase. Panel C shows the time windows of interest for the analysis of the EMG data 
(left) and kinematic data (right). Postural responses were divided in 3 time bins (PR1, PR2 and PR3) 
of 75 ms, starting at the instant of first muscle onset latency. Maximum body sway was determined 
over a time window of 1 second after the start of the perturbation. Panel D shows how the muscle 
activity pattern (right panel) can be reconstructed by multiplying the time invariant motor modules 
(lower left panels) by their activation coefficients (upper panel). 
Motor modules were extracted for each leg and for each subject. We selected the 
number of motor modules as the lowest number that could account for >75% of the va-
riability of the responses in each muscle and in each perturbation direction. In general, 
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the variability accounted for (VAF) for the total data matrix was  > 90%. The VAF was 
computed as:
Formules proefschrift Digna 
 
 
Chapter 3A (0.5 - Ground reaction force  under unloaded leg
Total vertical ground reaction force  )*100%. 
 
 
Chapter 3B 
 Initial WBA = (0.5 - Vertical ground reaction force  under paretic leg
Total vertical ground reaction force  )*100%. 
 
Chapter 4  Probability of success = 1 - ( 1
1+e4.03−1.86∗perturbation intensity+0.64∗leg angle+0.06∗trunk angle) 
 
Chapter 6 
VAF = (1 −  (norm(observed data − reconstructed data))2
(norm(observed data))2  ) ∗ 100% 
 
We used Pearson correlations between W and c vectors to determine similarity of motor 
modules across subjects. A bootstrap analysis was performed to ensure that the cor-
relations between motor modules were more similar than expected by chance.50 Based 
on the generated Z distribution, a Pearson correlation of 0.6218 was significantly larger 
than expected by chance (p<0.05). Motor modules were considered similar across 
subjects if the correlation between their W or c vectors was above this threshold. As an 
initial sorting we used a representative control subject as a reference. We compared 
W and c vectors of all control subjects to this reference. Based on the initial sorting we 
computed averaged W and c vectors across control legs. Using these averaged vectors 
as a reference, we performed the sorting again for both stroke survivors and controls.285 
Kinematic analysis
Kinematic data were low-pass filtered using a second order zero lag Butterworth filter 
with a cutoff frequency of 5 Hz. To quantify the amount of body sway induced by the 
perturbation, the body was modeled as a single link inverted pendulum where the height 
of the pendulum was the 7th cervical vertebra (C7). The C7 position was computed 
relative to the moving platform (i.e. platform movement was subtracted). Body sway 
was expressed as the angular displacement of the inverted pendulum in the direction 
of the perturbation. For each trial we determined the maximum angular displacement 
within one second after the start of the perturbation (Figure 1C). Maximum angular 
displacements were averaged for each perturbation direction. For the control group 
maximum angular displacements for perturbations with a sideways component were 
averaged for left and right. 
Statistical analysis
To determine whether recruitment of the motor modules was different between con-
trols and individuals with stroke, a general linear model for repeated measures was 
performed for each motor module and PR separately and with the c values as the 
dependent variable. Independent variables were LEG (paretic, non-paretic, control), 
DIR (perturbation direction) and the LEG*DIR interaction. In the case of a significant 
effect of LEG or LEG*DIR interaction, we performed a Fisher’s LSD post-hoc analysis 
to further determine the differences between legs or perturbation direction. 
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If activation of a motor module was different between stroke survivors and controls, we 
used Pearson correlations to determine the association between activation coefficients 
of this module (c) and 1) body sway and 2) clinical motor scores. The correlation analy-
ses was restricted to the perturbation directions in which the motor module was active. 
If a motor module was missing in individuals with stroke, we compared body sway 
values and clinical scores between participants with and without this motor module with 
a Mann-Whitney test. We only considered body sway values for the preferred direction 
of the motor module. 
For all tests p-values <0.05 were considered statistically significant. 
reSultS
At the low perturbation intensity the earliest onset of muscle activity was observed at 
163±20 ms after perturbation onset in the paretic legs of people after stroke compared 
to 153±15 ms in controls and 154±11 ms in the non-paretic legs. Average onsets were 
not significantly different between paretic legs, non-paretic legs and controls (p>0.05).
Across all participants, five or fewer motor modules could account for 96±2% of the 
variability in the data (Table 2). These motor modules accounted for >73% of the data 
variability across perturbation directions. Activity of individual muscles was well recon-
structed (VAF>77%), except for one paretic SEMT (VAF=52%). This muscle showed, 
however, only very little modulation across conditions as it was mostly inactive. 
Motor modules in healthy subjects
Motor modules extracted from the 18 control legs are shown in Figure 2 (see bar charts 
for structure of modules and polar plots for directional and temporal activation profiles). 
Three motor modules were present in all control legs (W1-W3). In 4 of the 18 control 
legs another motor module was found (W4 in 3 legs and W5 in one leg). Modules W1-
W3 each responded to a unique range of perturbation directions, indicating that each 
module had a distinct functionality. W1 was characterized by SOL and to a lesser extent 
GLUT activity and it was activated when posture was perturbed in the anterolateral 
direction. W2 primarily included the anterior leg muscles (TA, PER, RFEM) and to a 
lesser extent GLUT. This module was activated when posture was perturbed in the 
posterolateral direction. W3 included the posterior proximal muscles (BFEM, SEMT, 
ERSP PER) and was mainly activated in response to forward perturbations, and to a 
lesser extent in response to backward perturbations of posture. Activity of W3 was more 
pronounced in the later phases of the postural response (PR2 and PR3).
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Figure 2. Motor modules and activation coefficients in controls
In the 18 control legs, 3 motor modules were consistently observed (W1, W2 and W3; left panels). 
The other modules (W4 and W5) were only observed in a minority of the subjects. The polar plots 
show the activation coefficients of the motor modules across the different time windows (PRs) and 
perturbation directions. Error bars and patches represent the interquartile range.
Structure of motor modules in people with stroke
The three motor modules that were consistently found in controls (W1-W3) were present 
in 9 out of 10 non-paretic legs indicating that structure of the motor modules is largely 
intact on the non-paretic side (Figure 3). Only one subject (ST7) missed W1, which was 
due to an atypical pattern of soleus activity. 
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On the paretic side we observed marked abnormalities in the structure of motor mo-
dules. Module W3, which was present in all control and non-paretic legs, was missing 
in 4 out of 10 paretic legs. Two of those subjects had a module that was not present 
in controls (subject specific module WSS, ST1 and ST3). In both subjects WSS was 
characterized by co-activation of TA and SEMT, but not BFEM and ERSP. In two other 
subjects (ST2 and ST6) that missed W3, ERSP activity was observed in W4. In contrast 
to the affected W3, W1 and W2 were present in all people with stroke. 
Activation of motor modules in people with stroke
Activation coefficients for the paretic and the non-paretic motor modules are shown in 
Figure 4A (paretic) and Figure 4B (non-paretic). Note that perturbation directions are 
defined with respect to the leg of interest (i.e. when the platform is translating sideways 
towards the paretic leg this corresponds to the 0º perturbation for the paretic leg and 
the 180º perturbation for the non-paretic leg and vice versa). In general, paretic and 
non-paretic motor modules demonstrated similar tuning of activity (i.e. modulation of 
activation coefficients with  perturbation direction) to that in controls. Between-group 
differences in activation of motor modules in the preferred recruitment directions are 
of particular interest. For W1 we observed increased activation in both the paretic and 
non-paretic leg compared to controls in response to lateral translations (p<0.05). These 
differences were observed in PR3 only.
Stroke-related changes in activity of motor modules were most pronounced for W2 
(p<0.05 for LEG*DIR for all PRs and p<0.05 for LEG for PR1). In the paretic leg we 
observed a reduced activation W2 in its preferred direction in PR1 (p<0.05 for 90º - 
180º) and to a lesser extent in PR2 (p<0.05 for 150º-210º). In PR3 we observed a mixed 
pattern of slightly increased and decreased activation of W2 in the paretic leg, unrelated 
to the preferred recruitment direction. Non-paretic activity of W2 was larger than in 
controls, particularly for the later PRs (p<0.05 for PR2 60º and PR3 0º and 60º-120º). 
Differences in activity of W3 between stroke survivors and controls were inconsistent 
and mostly observed in the non-paretic leg (p<0.01 for LEG*DIR in PR2). In PR2 only, 
activity of non-paretic W3 was reduced for backward body perturbations (30°-90°), but 
increased compared to controls for forward body perturbations (300° and 330°).
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Figure 4. Paretic and non-paretic leg activation coefficients
Activation coefficients C1-C3 are displayed for the different PRs and translation directions. In the 
avatars, the red leg corresponds to the paretic leg. Activation coefficients in people with stroke are 
displayed in color, whereas control values are displayed in gray. Patches represent the interquartile 
range. *=p<0.05 for post hoc-comparison between stroke and control. 
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The association between stroke-related deficits in motor modules and body sway
Reduced activity of paretic W2 was observed in PR1 and PR2. For further analyses 
we used the averaged activity across the 90°-180° perturbation directions. Individuals 
with stroke with low paretic W2 activity in PR1 (lower than all controls) demonstrated 
larger body sway, particularly in the preferred activation direction of W2 (Figure 5). 
Across all participants, lower W2 activity in PR1 was strongly and significantly associa-
ted with larger body sway (R2=0.68, p<0.001 for 90°-180° perturbations). W2 activity in 
PR2 was not associated with body sway (p=0.71).    
Missing of paretic W3 resulted in larger body sway following forward body perturba-
tions (240°-300°, Figure 5), which corresponds with the preferred activation direction 
of W3. For these translation directions, stroke subjects without paretic leg W3 demon-
strated significantly larger body sway than stroke subjects with intact W3 (4.8±1.2° vs 
3.2±0.45°, p=0.02). The difference between stroke subjects without W3 and controls 
approached statistical significance (4.8±1.2 vs 3.5±1.6, p=0.05). 
Activity of non-paretic W3 in response to forward body perturbations (PR2) was 
not associated with body sway in response to body sway in this perturbation direction 
(p=0.86). Similarly, reduced non-paretic activation of W3 in response to  backward body 
perturbations did not result in larger body sway (p=0.51). 
The association between stroke-related deficits in motor modules and clinical 
outcome measures
The different stroke-related deficits we identified followed a heterogeneous distribution 
across subjects (Figure 6A). In five participants with stroke, paretic W2 activity in PR1 
was lower than in all of the control subjects. Low activity of the non-paretic W3 was 
observed in four participants with stroke. Figure 6A further shows that our group of 
stroke survivors was heterogeneous in terms of lesion location. 
Low paretic activity of W2 in PR1 and PR2 was not related to clinical motor scores (Fugl-
Meyer scale and Trunk Impairment Scale, Figure 6B) or clinical balance performance 
(Berg Balance test). Similarly, activity of non-paretic W3 following both forward and 
backward body perturbations was not related to any of the clinical outcome measures. 
On the other hand, stroke subjects that missed W3 on the paretic side had significantly 
poorer Trunk Impairment Scale scores than those with intact W3 (17.0±2.2 vs 22.2±1.2 
p<0.01). A lower Trunk Impairment Scale score was also associated with larger body 
sway in the preferred direction of W3 (R2=0.63, p<0.001). 
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Figure 5. Paretic leg deficits in motor modules related to body sway
Body sway values are presented in relation to two paretic leg deficits: 1) low activity of C2 in PR1 
(yellow) and 2) missing W3 (green). Panel A shows body sway values for stroke subjects with the 
deficit (colored line), stroke subjects without the deficit (gray line), and controls (black line). In the 
avatars, the red leg corresponds to the paretic leg. Body sway values in panels B and C are aver-
aged across the perturbation directions of interest (colored patches in panel A). The scatter plot in 
panel B demonstrates that low activation of W2 in PR1 following posterolateral body perturbations 
(anteromedial translations) (90°-180°) is associated with larger body sway. In panel C it is shown that 
missing of W3 on the paretic side is associated with larger body way following forward body perturba-
tions (backward translations). ns=not significant.
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Figure 6. Relation between paretic leg deficits in motor modules and clinical scores
Figure 6A shows lesion locations and the distribution of the stroke-related deficits in motor modules 
across subjects. Presence of a deficit is indicated in grey. Figure 6B shows the association between 
the paretic leg deficits and clinical scores.
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DISCuSSIoN
In this study we aimed to identify stroke-related deficits in muscle coordination during 
balance recovery responses. We found that the motor module that protects against 
forward falling was missing in four of the ten paretic legs, whereas this module was 
present in all control subjects. In addition, activity of the motor module that protects 
against posterolateral falling was reduced in the paretic leg of individuals with stroke. 
The different deficits in motor module structure and activation were heterogeneously 
distributed within our group of people after stroke. Importantly, the observed deficits in 
muscle coordination negatively affected postural stability as they were associated with 
increased postural sway following perturbations in the preferred activation directions of 
the defective modules.     
Underlying mechanisms of paretic leg postural control deficits
The most prominent muscle coordination deficit in the paretic legs of stroke survivors 
was that motor module W3 (BFEM, SEMT, ERSP PER) could not be identified in 40% 
of our stroke subjects. This finding contrasts with previous observations in decere-
brated cats, which demonstrated intact directional tuning of the hamstrings.112,284 The 
contrasting observations in cats and humans may be explained by biomechanical dif-
ferences between bipedal and quadrupedal stance. Compared to quadrupedal stance, 
bipedal stance poses a greater challenge on particularly sagittal plane postural stability. 
Whereas quadrupeds can use weight-shifting strategies between the hind paws and 
the front paws to control sagittal plane balance, bipeds have to use their agonist and 
antagonist muscles to regulate the center of pressure under the two feet in order to 
control the movements of the center of mass. These higher biomechanical demands 
may come with greater involvement of cerebral structures in postural responses. The 
finding that supratentorial brain lesions in humans result in marked postural control de-
ficits in the sagittal plane supports the idea of greater involvement of cerebral structures 
in humans.176,179
Another deficit that we observed was impaired early activation of W2, which responded 
to posterolateral perturbations (i.e. when falling backwards and towards the paretic side). 
Postural response deficits upon perturbations towards the paretic side were reported in 
previous studies.145,146 Our results add to these previous findings by demonstrating that 
muscle coordination deficits are more pronounced upon lateral body perturbations with 
a posterior component (reduced W2 activation) than those with an anterior component 
(normal W1 composition and activation).  Hence, the use of 12 perturbation directions is 
an important strength of our study as it helped to more specifically identify perturbation 
directions in which postural responses were more impaired in stroke survivors.
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Importantly, we found that the two paretic leg postural control deficits that we identified, 
as well as lesion locations were heterogeneously distributed across our group of stroke 
survivors. Although we were not able to identify specific lesion locations responsible for 
the muscle coordination deficits in only ten stroke survivors, our finding may at least 
suggest the involvement of different neural circuitry in controlling the individual modules. 
There are several previous observations that support the existence of separate neural 
circuitry for postural responses in different directions.31,96,110,179,215 First, it was found that 
startling stimuli can accelerate postural responses following backward and sideways, 
but not forward perturbations.36,215 Second, in young children, postural responses to 
forward body perturbations (neck, trunk and hip extensor muscles) mature earlier than 
those to backward body perturbations (neck, trunk and hip flexor muscles).110 These 
results were attributed to a greater supraspinal involvement for the flexor compared 
to the extensor muscles.110 Finally, in patients with cerebral lesions, deficits in postural 
responses are more pronounced in the ankle dorsiflexors than in the calf muscles.31,179 
Indeed, we found normal composition and activation of W1 (involving the calf muscle), 
but defective recruitment of W2 (involving the TA). Together, these previous findings 
and our results suggest that involvement of cerebral structures in postural responses is 
direction- and module-specific. 
The suggested role of the cerebral hemispheres in postural responses may be through 
direct cerebral recruitment of a postural synergy. Alternatively, cerebral structures 
may influence the postural response in a more indirect way by altering the state of the 
brainstem postural networks through a tonic drive, thereby controlling the gains of the 
postural responses.68,131,201 Based on studies using electroencephalography (EEG), it is 
often concluded that, at least for earliest phase of the postural response (APR) there 
is no direct transcortical loop.30,131,167 In these studies cortical potentials in response 
to balance perturbations were recorded.181,195,295 Based on the late timing of the peak 
cortical potentials relative to the onset of calf muscle activity, it was argued that the 
cortex is not directly involved in the APR.181 However, the findings from a more recent 
study suggest that cortical potentials evoked by balance perturbations may reflect the 
summation of multiple cortical processes, some of which may occur even before the 
onset of the APR.295 Hence, direct cerebral involvement in controlling the APR cannot 
be ruled out based on the results of the EEG literature. 
The nature of the stroke-related postural response deficits revealed by this study 
demonstrates that cerebral structures may be differentially involved in controlling the 
different motor modules. First, the finding of an intact structure, but reduced early 
activation of paretic W2 supports the idea that, for the earliest APR, cerebral structures 
may serve as a gain regulator for motor modules that are harbored in the brain stem.131 
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On the other hand, the absent recruitment of W3 after supratentorial stroke suggests 
more direct involvement of cerebral structures in activating this module. This finding is 
in agreement with the notion that direct cerebral involvement becomes more likely with 
longer postural response latencies.131 Indeed, W3 became active only in the later time 
bins (PR2 and PR3). 
Although initial W2 (TA, PER, RFEM) activity was impaired in stroke survivors, this 
module could be identified in all of the paretic legs. Similarly, a gait study in which a 
motor module comparable to our W2 was observed, demonstrated that this module was 
activated in the paretic leg during gait, even in individuals with severely impaired motor 
selectivity.51 The ability of stroke survivor to activate the TA during balance and gait 
seems somewhat surprising, as those patients are often impaired in their voluntary ac-
tivation of, particularly, the TA muscle. Yet, in the present study we found no significant 
association between W2 activation and the Fugl Meyer score, which is largely deter-
mined by voluntary selective TA activation (Figure 6). These seemingly contradictory 
observations indicate that different neural pathways are used for voluntary movements 
than for postural control and gait. The primary pathway for voluntary movements is the 
corticospinal tract. This tract does not seem to be involved in W2 (and thus TA) recruit-
ment during posture and gait tasks. Previous studies have demonstrated activation of 
the supplementary motor area (SMA) and prefrontal cortex (PFC) when recovering from 
postural perturbations.191 Possibly, these findings hint at involvement of SMA and/or 
PFC in setting the gains of the brainstem postural networks that control W2.
Functional consequences of paretic leg postural response deficits
We found a strong association between defective motor modules on the paretic side 
and larger body sway following perturbations corresponding to the preferred activation 
directions of these modules. This indicates that we have identified deficits that provide 
meaningful information with regard to postural instability in people after stroke. Remar-
kably, deficits in paretic leg muscle coordination were not associated with performance 
on the Berg Balance Scale (BBS), which is often used to assess postural instability in 
clinical practice. Similarly, a previous study reported that BBS scores were only weakly 
associated with reactive stepping performance.128 These discrepancies are likely ex-
plained by the fact that the BBS does not include test items related to reactive balance 
control. Hence, given the significance of poor reactive balance control for stroke fall 
risk, a clinical test that includes this key aspect of postural stability (such as the Mini-
BESTest80) may be preferred for assessing balance in people with stroke.
Upon posterolateral perturbations towards the paretic side, paretic leg activation of W2 
activation was reduced PR1 and, to a lesser extent, in PR2. Reduced activation in of 
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W2 in PR1, but not PR2, was strongly associated with increased body posterolateral 
body sway. This finding indicates that early activation of W2 is critical to resist body 
sway after posterolateral perturbations. 
Another deficit that we observed on the paretic side was missing of module W3 (ham-
strings, erector spinae, peroneus) that involved the prime movers for controlling forward 
body perturbations.119 Accordingly, body sway in response to forward perturbations was 
increased in individuals that missed W3 on the paretic side. We suggest that this in-
creased sway is due to impaired proximal stabilization following forward perturbations. 
Indeed, individuals with missing W3  demonstrated substantially lower trunk motor 
scores than those with intact W3, suggesting that poor trunk control particularly affects 
stroke survivors in their ability to withstand perturbations that induce forward falls. 
Muscle coordination on the non-paretic side remains mostly unaffected
In the non-paretic legs of people after stroke, the motor modules that were present in 
controls were mostly preserved. It must me mentioned, though, that we only recorded 
eight muscles per leg. Nevertheless, grouping of these muscles within motor modules 
resembled groupings reported in previous studies that recorded a larger number of 
muscles.285,286 
Particularly in the later time bins (PR2 and PR3) we observed increased muscle activity 
in the non-paretic leg as compared to controls. Increases in postural response magni-
tude could result from weight-bearing asymmetry towards the non-paretic side, which 
is a common symptom after stroke.88,177,179 Bearing more weight on a leg has shown to 
increase the postural reflex magnitude, at least during the first 75 ms of the postural 
response,179 but possibly also in the later phases. Weight-bearing asymmetry towards 
the non-paretic side my thus have contributed to the higher activation coefficients on 
this side that were observed in PR2 and PR3. 
Additionally, increased activation of non-paretic motor modules in PR2 and PR3 could 
be compensatory. It was argued that, particularly for the later phases of the postural 
response, the cerebral cortex becomes important in shaping muscle activity based 
on the contextual demands.131 We suggest that up-scaling of muscle activity in the 
non-paretic leg in the later time bins may reflect compensatory activity for the initial 
low recruitment in the paretic leg. Yet, this compensatory activity does not seem to 
be sufficient in counteracting poorer paretic recruitment, as deficits in the paretic leg 
resulted in increased body sway.
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In the non-paretic leg we also observed reduced activity of module (W3) following bac-
kward body perturbations. This reduced activation was not associated with increased 
body sway. The peak in W3 activation following backward perturbations was not very 
consistent in our controls nor in previous studies.285,286 We, therefore, believe that redu-
ced activity of W3 on the non-paretic side does not reflect a true deficit.   
Clinical implications
In this study we found that motor modules for balance control were differentially af-
fected across stroke survivors. These observations are in agreement with the known 
heterogeneity of the stroke population. We propose that the effectiveness of balance 
rehabilitation may be improved by tailoring to these patient-specific postural control 
deficits. Such an individualized approach was also suggested previously for the re-
training of gait after stroke.203 The new analysis technique used in our study provides 
a promising tool for developing individually-tailored interventions to improve postural 
stability after stroke. Such tailored interventions may also be effective in reducing fall 
risk in stroke survivors, where other interventions have thus far failed to do so.91 
Conclusion
We demonstrated that motor modules for balance control in post-stroke individuals are 
affected in terms of structure as well as activation. Deficits were most pronounced on 
the paretic side and resulted in larger body sway following perturbations in the preferred 
activation directions of the defective motor modules. We observed that the deficits were 
heterogeneously distributed across our participants with stroke. This suggests that 
different cerebral mechanisms probably underlie postural instability after stroke. More-
over, identifying individual postural control deficits is essential for further development 
of effective training programs to reduce post-stroke postural instability. 
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ABStrACt 
Postural instability, one of the cardinal symptoms of Parkinson’s disease (PD), 
has devastating consequences for affected patients. Better strategies to prevent 
falls are needed, but this calls for an improved understanding of the complex 
mechanisms underlying postural instability. We must also improve our ability to 
timely identify patients at risk of falling. Dynamic posturography is a promising 
avenue to achieving these goals. The latest moveable platforms can deliver 
‘real-life’ balance perturbations, permitting study of everyday fall circumstances. 
Dynamic posturography studies have shown that PD patients have fundamental 
problems in scaling their postural responses in accordance with the need of the 
actual balance task at hand. On-going studies evaluate the predictive ability of im-
paired posturography performance for daily life falls. We also review recent work 
aimed at exploring balance correcting steps in PD, and the presumed interaction 
between startle pathways and postural responses. 
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INtroDuCtIoN
Parkinson’s disease (PD) is a common neurodegenerative disease, with postural insta-
bility as one of the cardinal features of advanced disease stages.23,52,234 Postural insta-
bility may result in falls that can have a devastating impact, due to both injuries and fear 
of falling and, subsequently, loss of mobility, physical and psychosocial decline and a 
reduced quality of life. In a prospective twenty-year follow-up of 136 patients with newly 
diagnosed PD, it was shown that the prevalence of falls is as high as 87%, with a frac-
ture rate of 35%.104 Although there is no conclusive evidence yet, it has been suggested 
that survival is reduced once falls have occurred.185,311 Unfortunately, currently available 
medication has no or little effect on postural instability in PD.22,41,143,144 Therefore, better 
management strategies to prevent falls are urgently needed. Developing such strate-
gies requires the ability to identify patients who are at risk of falling and, therefore, also 
requires an improved understanding of the complex mechanisms underlying postural 
instability. In this narrative review, we describe how dynamic posturography can help to 
achieve these goals. Importantly, we do not intend to provide a comprehensive listing 
of all available publications on postural instability in PD, but rather report on some 
interesting recent developments within the field of dynamic posturography, aiming to 
illustrate the possible merits of this promising technique. We highlight how state-of-
the-art dynamic posturography techniques could help to timely identify patients who 
are at risk of falling. Furthermore, we discuss how these innovations may contribute 
to an improved understanding of the pathophysiology of postural instability in PD, as a 
necessary basis for improved treatments and preventive strategies. 
Dynamic posturography
Posturography investigates the regulation of balance under different conditions, and 
can be divided into static and dynamic techniques. During static posturography, pos-
tural control is assessed while participants maintain stance in an unperturbed state. 
Dynamic posturography, on the other hand, is an umbrella term for techniques that 
employ physical perturbations of stance.24 The ecological validity seems to be higher for 
dynamic posturography compared to static posturography, as falls in daily life seldom 
result from static conditions, but rather from balance perturbations such as stumbling 
over an obstacle. 
In this narrative review, we will focus on dynamic posturography. One method to evoke 
balance perturbations is by using motorized platforms, of which movement of the sup-
port surface results in balance perturbations that are standardized across different 
subjects. Another method used in dynamic posturography is the waist pull paradigm, 
in which a standardized force is suddenly applied to the waist.189 A third example is 
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tendon vibration, where mechanical vibration of the tendon or muscles induces illusory 
sensations of movement.296 In the case of Achilles tendon stimulation, calf muscles will 
be activated and the body will move backwards. 
Postural reactions can be quantified by analyzing ground reaction forces, muscle 
activation patterns (electromyography), and kinematic variables  (analysis how body 
segments move). A measure for postural instability could be the number of compensa-
tory steps that are needed to recover from a balance perturbation or the mechanical 
efficiency of the first balance corrective step expressed as body configuration at foot 
contact.309 
Conventional dynamic posturography techniques, for instance using motorized plat-
forms such as the Neurocom platforms,44 have already produced valuable insight into 
the physiology of postural control in man and the pathophysiology of postural control in 
PD. For example, the predominant instability in backward direction has been confirmed 
by several studies that used rapidly moving (translating or rotating) platforms.41,117 Still, 
it has not been unravelled lesions in which neural structures primarily underlie postural 
instability in PD. Furthermore, it remains difficult to predict individual fall risk. This 
is partly explained by the poor ecological validity of the conventional posturography 
equipment. 
A first limitation of the commonly used motorized platforms, is the relatively small tra-
jectory over which the platform moves.303 This implies that the stimulus profile often 
consists of an initial quick acceleration, which is directly followed by a deceleration 
when the end of the platform movement is reached. The subsequent deceleration force 
has a significant impact on postural stability, because it helps subjects to recover from 
the balance perturbation. Furthermore, the muscle responses that are elicited by both 
the acceleration and deceleration pulse may become blended.42,187 These problems can 
be overcome by the delivery of perturbations with large movement trajectories, which 
enable the postponement of the deceleration phase. 
A second drawback is that not all balance platforms are large enough to allow partici-
pants to take corrective steps, as they would do in daily life when a fall is imminent. 
A final drawback of some conventional experimental setups is that even the highest 
perturbation intensities are insufficiently destabilizing to actually bring mildly affected 
PD-patients, without clinically evident postural instability, near or beyond their stability 
limits. These patients may, however, have subtle balance impairments.190 When the per-
turbation intensity is too low, these impairments could remain undetected. Manipulation 
of somatosensory or visual input can be used to destabilize mildly affected patients, 
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but this has a limited ecological validity as patients can rely on those systems in daily 
life. Recent innovative designs have overcome the described limitations, an example of 
which is demonstrated in Box 1. 
Box 1: radboud Falls Simulator
The recently developed Radboud Falls Simulator (see Figure1) is an example of a recently developed 
platform that allows studying postural responses under ‘real-life’ fall circumstances. The participant stands on 
two force plates (120x180cm, extendable to 174x240cm) and wears a safety harness that is attached to the 
ceiling. The suspension on the ceiling moves along with the platform. The Radboud Falls Simulator is able to 
deliver balance perturbations with very large amplitudes (translations up to 3 meters, maximum acceleration 
4.5 m/s2) in multiple (random) directions. In this way subjects are not able to preselect direction-specific 
responses. Translations as well as rotations (up to 9o) can be delivered, both in isolation and coupled. The 
employment of different perturbation types provides complementary insights into the spectrum of balance 
responses. The Radboud Falls Simulator is able to flexibly postpone the deceleration phase of the platform 
movement, so that the platform does not create stabilizing forces. As such, highly destabilizing perturbations 
can be delivered, permitting analysis of critical fall restorative mechanisms around and past the limits of 
stability. The support surface consists of two very large, custom-made force plates, which jointly create a wide 
support surface that allows for multiple corrective steps in the anterior-posterior direction, and at least one 
large corrective step sideways. 
Figure 1. Radboud Falls Simulator 
126
Chapter 7
Identification of fallers
Currently, there is much interest in fall prevention programs for PD patients, and new 
programs are being developed,199 although few existing programs have actually suc-
ceeded to reduce the risk of falling.156 It is, however, neither feasible nor necessary 
to offer each PD patient fall preventive treatment. Ideally, only those patients with an 
increased fall risk should be referred to such a fall prevention program. Hence, there is 
a need to identify those patients who are prone to falling. In this paragraph we discuss 
how dynamic posturography may add to the currently available methods to identify 
people at risk of falling. So far, clinical balance and gait performance tests have been 
used to determine individual fall risk. A drawback of most clinical tests is the inherent 
difficulty in standardizing performance, and the subjective scoring of the outcome. Many 
single clinical balance tests, such as the Berg Balance Scale (BBS), appear to have 
a poor predictive value with respect to falls.15,71 Recently, the Mini BEST test74 was 
demonstrated to have a higher sensitivity and specificity than the BBS in predicting falls 
in PD patients, yet a fall history remains a stronger predictor.74 Furthermore, predicting 
the very first fall remains difficult using clinical balance tests.74,233 From a clinical per-
spective, however, it would be preferable to identify people at risk before their very first 
fall has occurred. This calls for the identification of new, sensitive measures of postural 
instability that mark the transition from non-faller to faller status. 
Objective measures as spontaneous postural sway have previously been proposed, 
but failed to reliably distinguish fallers from non-fallers.303 Recent findings provide 
arguments for the notion that dynamic posturography may be suitable to predict the 
transition from non-faller to faller. First, dynamic posturography is capable of revealing 
postural impairments in PD patients without clinically detectable instability,190 indicating 
that this method is more sensitive than clinical testing. Second, recent developments 
within the field of dynamic posturography allow the detailed study of compensatory 
stepping, which ability is essential to prevent a loss of balance becoming a fall. It has 
already been shown that  impaired compensatory stepping is associated with higher 
risk of falling in healthy older people and in people after stroke.109,172 We hypothesize 
that impaired compensatory stepping is an important determinant of fall risk in PD 
patients as well, as compensatory stepping is often impaired in patients with PD.143,144 
The quality of backward compensatory stepping can be evaluated by looking at the 
mechanical efficiency of the step in terms of leg inclination angle at foot contact.309 
Preliminary results obtained with the Radboud Falls Simulator suggest that PD patients 
have a poorer mechanical efficiency of backward balance corrective steps compared to 
controls. This seems to be associated with a larger number of steps needed to recover 
from the perturbation (see Figure 2). Currently we are investigating whether the mecha-
nical efficiency of the first balance correcting step could help to identify patients who are 
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prone to fall. Concluding, dynamic posturography certainly holds promise in identifying 
those PD patients at risk of becoming a faller. 
Figure 2. Quality of backward balance corrective steps in Parkinson’s Disease
Mechanical efficiency of the first balance corrective step was quantified as the leg inclination angle at 
foot contact. Positive leg angles represent higher mechanical efficiency. Data represent the individu-
ally averaged values of 16 trials of backward perturbations on the Radboud Falls Simulator at a fixed 
level of intensity (1.5 m/s2)
underlying mechanisms
Although experienced clinicians are well capable of identifying patients with postural in-
stability, these observations do not allow differentiating ‘primary’ pathology from ‘secon-
dary’ compensatory strategies.303 For the development of fall-preventive interventions, 
however, it is essential to distinguish between those phenomena, since those interven-
tions should aim to restore primary impairments and facilitate effective, but discourage 
maladaptive compensatory strategies. With dynamic posturography it is possible to 
separate the different components of balance recovery responses. When balance is 
perturbed, afferent proprioceptive input triggers an automatic postural response (APR) 
from brainstem reticular structures.112,131 Shortly after the start of the APR, transcortical 
pathways become involved, and these are particularly important when making a step 
or when grasping for support.131 Most research on postural responses in PD has been 
done on the APRs.
A key finding from studies on APRs is that PD patients have fundamental problems in 
the scaling of their responses,22,41,73,266 whereas the latencies of the postural responses 
appear to be normal.205 The abnormal scaling of postural responses becomes even 
more apparent when the postural set is manipulated. The term postural set covers 
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a wide array of conditions. The manipulations include, for example, changes in the 
subject’s initial body position and the subject’s perceptions of the upcoming balance 
perturbation.302 For example, when young healthy subjects receive a random mixture 
of small and large perturbations, they select a default postural response that is suf-
ficiently large to cope with the largest possible perturbation.14 In contrast, PD patients 
consistently exhibit response amplitudes that match the small perturbations, even 
when it is known in advance that a large perturbation will follow.13 Although APRs 
may contribute to recovering from small balance perturbations, recovering from larger 
perturbations critically relies on stepping responses, as they represent a final common 
saving strategy to prevent falling. In line with the aforementioned studies on automatic 
postural responses in PD, the balance correcting steps seem to be under scaled in 
PD as well.130,143,144 In PD patients, abnormal central proprioceptive-motor integration 
(rather than deficiencies in the afferent proprioceptive information itself) likely plays 
a role in the abnormal scaling of the balance responses.25,130,141 Visual information is 
likely able to compensate for the abnormal proprioceptive-motor integration.140,297 This 
could explain why patients with PD are most unstable to backward perturbations,41,117 
where compensation using visual input is not possible. Degeneration of dopaminergic 
circuits within the basal ganglia is thought not to be primarily responsible for the ab-
normal proprioceptive-motor integration, as medication does not consistently improve 
the balance responses.22,41,130 However, the marginal effect of dopaminergic medication 
does not necessarily preclude a role for dopamine deficiency in the underlying pathop-
hysiology, because the threshold for therapeutic improvement may be higher than for 
other symptoms.94 In addition, postural instability in PD is typically seen in a relatively 
progressed disease stage, when adverse effects of dopaminergic medication preclude 
prescription of doses sufficiently high to improve postural performance. Finally, due 
to further spread of disease pathology, non-dopaminergic brain lesions develop which 
increasingly dominate the clinical presentation, masking the relative importance of the 
dopa-sensitive symptoms. 
Future studies should further investigate deficient neural substrates underlying postural 
instability in PD. For example, studies conducted in patients with deep brain stimulation 
can give more insight in the contribution of different neuro-anatomical substrates to 
postural instability in PD.266 
First trial responses
Recent studies have emphasized the unique nature of responses to the very first ba-
lance perturbation, the so-called first trial reactions.5 This first and unpractised trial is 
typically excluded from further analyses, because the response is different from the 
reaction elicited during the following trials.223 However, the analysis of the first trial re-
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sponses could provide valuable information, as falls in daily life result from unexpected 
and single events. The first studies evaluating first trial responses in PD have been 
conflicting, as one study reported no differences in first trial responses between PD 
patients and controls.304 whereas a recent study reported significantly greater instability 
during first trials responses in PD patients.204 Moreover, in the latter study, patients had 
a slower habituation rate across trials. One fascinating but still unanswered question is 
whether analysis of first trial responses offer better predictive value for falls in daily life, 
as compared to the averaged response to a series of identical balance perturbations (as 
was traditionally done until now).
Interestingly, there are several observations that suggest that first-trial responses 
partially consist of startle-like responses.204,223,224 First, during the first trial responses, 
exaggerated trunk flexion is seen, which is comparable with the startle reflex following 
a startling stimulus. Secondly, startle reflexes habituate rapidly, just like postural re-
sponses.32 Furthermore, two studies have reported absent or reduced startle reflexes 
in PD patients with postural instability.277,300 The possible interaction between startles 
and postural responses can be investigated using the StartReact paradigm. In this 
paradigm, a startling acoustic stimulus (SAS) is given simultaneously with an imperative 
signal to initiate a movement, resulting in substantial acceleration of movement on-
sets.288 Our recent work has demonstrated that this phenomenon also applies to APRs 
to backward perturbations, when a SAS is delivered at the same time as the balance 
perturbation.215 Interestingly, a recent study showed that patients with both severe free-
zing of gait and postural instability had an absent StartReact effect when performing a 
simple ballistic movement, which was restored by stimulation of the pedunculopontine 
nucleus (PPN).277 As such, applying the StartReact paradigm to postural perturbations 
could provide further insight into the possible interactions between postural responses 
and startle pathways, thereby giving further clues with regard to targets for deep brain 
stimulation to alleviate postural instability. 
expert commentary
Postural instability and falls are debilitating features of PD. The underlying mecha-
nisms remain poorly understood, hampering targeted therapeutic management. Recent 
developments in dynamic posturography hold promise to expand our knowledge on 
this important topic, with the latest balance platforms permitting study of every day 
fall circumstances, such as mimicked slips or unpredictable falls in different directions. 
Furthermore, analysis of first trial responses and stepping to recover balance at the 
very limits of stability will further enhance the ecological validity of findings from these 
studies.
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Dynamic posturography is not yet ready to be applied in current clinical practice to 
identify individual patients who are at risk of falling, as measures of postural instability 
that mark the transition from non-faller to faller status are currently lacking. An improved 
understanding of deficient neural substrates underlying postural instability in PD will 
not only facilitate the search for such a marker, but will also open up new windows for 
pharmacological, neurosurgical, or training interventions. 
Five year view
In five years time, the underlying mechanisms of postural instability in PD will be 
further unravelled. We will know to what extent postural responses are related to startle 
pathways. Furthermore, the under scaling of balance correcting steps in PD will be 
investigated in more detail. We expect that if the pathophysiology of postural instability 
in PD is further unravelled, we can start with the identification of patients who are prone 
to falling before they actually start to fall. In that stage, it is our expectation that dyna-
mic posturography can be applied in the clinical diagnostic management of individual 
patients.
Key issue
•	 Postural instability is a frequent and debilitating, yet poorly understood symptom of 
Parkinson’s disease (PD).
•	 PD patients have a fundamental problem in scaling their postural responses, partly 
due to abnormal proprioceptive-motor integration.
•	 Dynamic posturography is a potential tool to unravel the mechanisms underlying 
postural instability in PD.
•	 Recent innovations in posturography allow for delivering ‘real-life’ balance perturba-
tions, permitting study of everyday fall circumstances. 
•	 Dynamic posturography cannot yet be clinically applied to identify PD patients prone 
to falling, but more work remains needed in this area.
•	 Future research in patients with PD should study the balance correcting steps at 
the limits of stability and the possible interaction between startles and postural 
responses.
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ABStrACt 
INTRODUCTION: The pathophysiology underlying postural instability in Parkin-
son’s disease is poorly understood. The frequent co-existence with freezing of 
gait raises the possibility of shared pathophysiology. There is evidence that dys-
function of brainstem structures contribute to freezing of gait. Here, we evaluated 
whether dysfunction of these structures contributes to postural instability as well. 
Brainstem function was assessed by studying the StartReact effect (acceleration 
of latencies by a startling acoustic stimulus (SAS)).
METHODS: We included 25 patients, divided in two different ways: 1) those with 
postural instability (HY=3, n=11) versus those without (HY<3, n=14); and 2) those 
with freezing (n=11) versus those without freezing (n=14). We also tested 15 
matched healthy controls. We tested postural responses by translating a balance 
platform in the forward direction, resulting in backward balance perturbations. In 
25% of trials, the start of the balance perturbation was accompanied by a SAS.  
RESULTS: The amplitude of automatic postural responses and length of the first 
balance correcting step were smaller in patients with postural instability compared 
to patients without postural instability, but did not differ between freezers and 
non-freezers. In contrast, the StartReact effect was intact in patients with postural 
instability but was attenuated in freezers. 
DISCUSSION: We suggest that the mechanisms underlying freezing of gait and 
postural instability in Parkinson’s disease are at least partly different. Undersca-
ling of automatic postural responses and balance-correcting steps both contribute 
to postural instability. The attenuated StartReact effect was seen only in free-
zers and likely reflects inadequate representation of motor programs at upper 
brainstem level.  
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INtroDuCtIoN 
Postural instability is a disabling feature of Parkinson’s disease (PD), in which the 
underlying pathophysiology is still poorly understood. The frequent co-existence with 
freezing of gait (FOG) raises the possibility of a shared pathophysiology.90,138 There 
is emerging evidence that dysfunction of upper brainstem structures, in particular the 
pedunculopontine nucleus (PPN) and pontomedullary reticular formation (pmRF), could 
play a role in causing FOG.212,217,277 As automatic postural responses likely arise from 
the pmRF,267 dysfunction of upper brainstem structures may also underlie postural 
instability. 
Evidence for a pivotal role of dysfunctional upper brainstem circuits in patients with FOG 
has been provided by studies evaluating the StartReact effect. StartReact refers to the 
acceleration of movement onset latencies when a startling auditory stimulus (SAS) is 
given at the same time as the imperative ‘go’ signal in a reaction time task. Although the 
exact mechanism underlying StartReact and the neural structures involved are a matter 
of ongoing debate,3,214 several recent studies have provided accumulating evidence 
for the SAS directly releasing a subcortically stored motor program, presumably from 
upper brainstem structure.39,78,115,116,214,288 The StartReact effect was absent in patients 
with severe FOG and postural instability when performing an elbow flexion movement, 
but was restored after PPN stimulation.277 In a recent study we further confirmed that 
the StartReact effect is attenuated in freezers, but -more importantly- in a task that is 
known to provoke FOG (i.e. gait initiation).212 Postural responses to backward balance 
perturbations can be modified by a StartReact paradigm,215 suggesting that they are 
preprogrammed and potentially subject to the same triggered release which has been 
shown to be deficient in freezers.277 However, SAS-induced acceleration of postural 
responses has not been evaluated in PD patients. Moreover, neither Thevathasan et 
al. nor Nonnekes et al. evaluated whether defective StartReact effects are also related 
to postural instability. Therefore, it remains unknown whether dysfunction of the same 
brainstem reticular structures may underlie both FOG and postural instability. 
In the present study, we aimed to address this question by evaluating the effect of a SAS 
on the onset and scaling of postural responses to backward balance perturbations. As 
a control, we also evaluated SAS-induced movement accelerations in a simple reaction 
time task involving ankle dorsiflexion. We carefully selected and balanced a group of PD 
patients, and specifically contrasted the results between patients with evident postural 
instability (as identified by a positive pull test) versus those without, and between those 
with FOG versus those without. If dysfunction of the same brainstem reticular structures 
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contributes to both FOG and postural instability, we should expect to see a disturbed 
StartReact effect in freezers as well as in patients with postural instability. 
MAterIAlS AND MethoDS 
Participants 
The present paper concerns the same participants as in our previous paper,212 except for 
one PD patient for whom the examination of balance responses was too burdensome. 
The PD group consisted of twenty-five patients, 11 with evident postural instability 
(Hoehn and Yahr stage 3) and 14 without evident postural instability (Hoehn and Yahr 
stage 2 or 2.5). Six of the patients with postural instability had freezing of gait, and this 
was also true for 5 of the patients without postural instability (see below for definitions). 
Patients were diagnosed according to the UK Brain Bank criteria.123 Exclusion criteria 
were any other neurological or orthopedic disorder affecting balance, severe cognitive 
impairments or use of medication negatively affecting balance. Patients were measured 
in an OFF state, when they experienced an end-of-dose effect prior to intake of their 
next medication. Clinical assessment also took place in the OFF state. In addition, 15 
healthy controls of similar age were included. The study was approved by the local 
medical ethics committee (CMO regio Arnhem/Nijmegen) and was conducted in accor-
dance with the Declaration of Helsinki. All subjects gave their written informed consent 
prior to the experiment.
Clinical assessment 
PD patients were clinically assessed with the motor subsection (Part III) of the MDS-
Unified Parkinson’s Disease Rating Scale (UPDRS, score/132).92 Postural instabi-
lity was determined by the pull-test performed by JN. The pull-test was performed as 
described in the MDS-UPDRS,92 which is regarded as the gold standard to evaluate 
postural instability in PD.103,213 A mild pull was applied first, which was not rated and 
served as a demonstration. Thereafter, a quick and forceful pull was applied, which was 
rated. Patients with Hoehn and Yahr stage 3 were unable to recover independently, 
and would have fallen if not caught by the examiner. Patients with Hoehn and Yahr 
stage<3 were able to recover unaided. Patients also completed the New Freezing of 
Gait Questionnaire (N-FOGQ, score/33).206 Additionally, they performed a series of 
walking tests to objectively verify subjects as freezers or non-freezers.264,265 These 
tests included eight rapid axial 360° turns in both directions and walking with 25% of 
the preferred step length (at a normal pace, and as rapidly as possible). Based on 
the detailed physical examination, 11 persons were classified as ‘freezers’, and the 14 
other patients were classified as ‘non-freezers’ as they did not show FOG-episodes 
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during examination, and never experienced subjective gluing in daily life (except for one 
patient with sporadic gluing in daily life, but who never manifested FOG during repeated 
and detailed neurological examinations). The N-FOGQ revealed that all freezers had 
more frequent and more severe FOG during the OFF-medication state. Lastly, global 
executive function was assessed with the Frontal Assessment Battery (FAB, score/18).
experimental setup and protocol
Postural responses Participants stood on a moveable platform that could suddenly 
translate in the forward direction, resulting in a backward balance perturbation; we 
will refer to the direction of the balance perturbation.209 Participants stood with their 
arms alongside the trunk. Platform movements comprised an acceleration phase (300 
ms), a constant velocity phase (500 ms), and a deceleration phase (300 ms). We used 
perturbations with an acceleration of 1.5 m/s2. This intensity required all participants 
taking one or more steps to prevent falling. Participants were instructed to respond to 
the balance perturbations as they would do in daily life. Participants underwent 16 bac-
kward balance perturbations and consecutive trials were at least 20 seconds apart. In 
25% of the balance perturbations a startling auditory stimulus (SAS) was given through 
binaural earphones at the start of the translation of the platform. The SAS (50 ms white 
noise, 116 dB sound pressure level linear fast (measured with Investigator 2260 and 
Artificial Ear B&K 6cc type  4152, Bruel and Kjaer, Nærum, Denmark)) was generated 
by a custom-made noise generator and was randomized over the trials. Subjects wore 
a safety harness that was attached to the ceiling and prevented them from falling.
Simple reaction time task This task served to verify whether the pattern of results in the 
postural perturbations would also apply to a different type of movement. The results 
of the freezers versus non-freezer comparison have been reported in our previous 
paper,212 but here we will also compare patients with and without postural instability. 
The task involved subjects performing a simple reactive ankle dorsiflexion movement. 
Participants sat in a chair that was positioned 2.5 meters in front of two arrays of light-
emitting diodes (LEDs; 11x8 cm, 3 cm apart). Illumination of the first LED array served 
as a warning signal and participants were instructed to initiate ankle dorsiflexion as 
soon as the second LED array was lit (‘go’ signal). Patients performed the task with their 
most affected side and healthy controls with their right foot. Warning periods (1 – 3.5 
seconds) and inter-trial periods (6 – 10 seconds)  varied. All participants performed 16 
trials. In 25% of trials a SAS was given at the instant of the ‘go’ signal.
Data collection
EMG. EMG data were collected from the tibialis anterior and rectus femoris muscles on 
both sides of the body, and the left sternocleidomastoid (SCM) muscle. Self-adhesive 
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Ag-AgCl electrodes (Tyco Arbo ECG) were placed approximately 2 cm apart and 
longitudinally on the belly of each muscle, according to Seniam guidelines.107 EMG 
signals were sampled at 2000 Hz, and full-wave rectified and low-pass filtered at 30 Hz 
(zero-lag, second order Butterworth filter). 
Motion analysis. To evaluate the postural responses, reflective markers were placed 
using a full-body model.60 Marker positions were recorded by an 8-camera 3D motion 
analysis system (Vicon Motion Systems, United Kingdom) at a sample rate of 100 Hz 
and low-pass filtered at 10 Hz (zero-lag, second order Butterworth filter). During the 
simple reaction time task, a triaxial accelerometer was placed on the foot that perfor-
med the ankle dorsiflexion movement. Accelerometer signals were sampled at 2000 Hz. 
Data analysis
Postural responses. For each participant, the ensemble average EMG activity during 
trials was calculated for each muscle, separately for trials with and without a SAS. 
Onset latencies of tibialis anterior and rectus femoris activity (the prime movers for 
the evoked postural response) were determined using the semi-automatic computer 
algorithm that selected the first instant at which the EMG activity exceeded a threshold 
of 2 standard deviations above the mean background activity, as calculated over a 
500 ms period just prior to platform movement. Latencies were first selected by the 
computer algorithm, then visually approved or (when necessary) corrected.215 Mean 
response amplitude of the ensemble average was calculated over 100 ms following the 
onset of muscle activity and corrected for background EMG activity. The mean onset 
and amplitude of tibialis anterior and rectus femoris activity in the left and right leg was 
taken, as there was no systematic difference between the legs;  either when comparing 
the left and right leg, or when comparing the most and least affected leg. 
Step onset and step length were determined using the position data of the heel and 
toe markers. Step onset was defined as the time between the start of the platform 
displacement and the time at which the heel and toe markers moved backwards with 
respect to the platform (velocity > 0.1 m/s). Step length was defined as the backward 
displacement of the toe markers during the step. We determined the number of balance 
correcting steps by visual inspection of video data. 
To determine the ‘quality’ of the first balance correcting step, we calculated the angle 
of the stepping leg at the end of the first step (i.e. foot contact of the stepping leg).309 
The leg angle is the angle of the line connecting the toe marker and the midpoint of 
the pelvis markers with respect to the vertical. A negative leg angle during backward 
stepping represents a situation in which the pelvis is located posterior to the stepping 
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foot. Thus, following backward perturbations a more negative leg angle represents a 
more inefficient first step. 
Startle reflex.  For each trial in which a SAS was applied, we determined whether a 
startle reflex occurred. A startle reflex was defined as a short latency response in the 
SCM-muscle, starting within 130 ms following the SAS. The response had to exceed, 
for at least 20 ms, a threshold of 2 SD above mean background activity, as calculated 
over a 500 ms period just prior to the SAS.Simple reaction time task. Two reaction 
time parameters were assessed, accelerometer reaction time and EMG reaction time 
in tibialis anterior muscle. Onset latencies of EMG activity and foot accelerations were 
determined using a semi-automatic computer algorithm described above. 
Statistical analysis
Data from PD patients were analyzed using a repeated measures ANOVA, with SAS 
(SAS –no SAS) as within subjects factor and HY-stage (HY<3 – HY3) and freezing 
(freezing – non-freezing) as between- subjects factors.  In case of a significant SASxHY-
stage or SASxfreezing interaction, post-hoc Student’s t-tests were performed to identify 
differences between subgroups. 
To determine whether outcomes differed between patients and control subjects, inde-
pendent of clinically-identified postural instability or freezing of gait, we compared the 
controls with the least affected patients (either HY<3 or non-freezers). To this aim, we 
performed a repeated measures ANOVA, with SAS as within subjects factor and group 
(controls – least affected patients) as between subjects factor. 
Finally, in PD patients, we determined Pearson’s correlation coefficients for non-startle 
trials between the amplitude of tibialis anterior activity during the postural responses 
and (i) the step length and (ii) the leg angle. The alpha level was set at 0.05.
reSultS
Clinical assessment
Clinical characteristics of the study participants are shown in Table 1. Patients with 
postural instability were on average six years older than those without postural insta-
bility (t(23)=-2.186, p=0.039); age did not differ between freezers and non-freezers 
(t(23)=0.173, p=0.864). The MDS-UPDRS-III score did not differ significantly between 
patients with and without postural instability (t(23)=-1.003, p=0.326), nor between free-
zers and non-freezers (t(23)=-0.615, p=0.544). In addition, the FAB-score did not differ 
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between the subgroups (t(23)<0.768, p>0.450). Freezers had higher scores on the 
N-FOGQ compared to non-freezers (t(23)=-11.296, p<0.001); the N-FOGQ score did 
not differ between patients with and without postural instability (t(23)=-0.635, p=0.532). 
table 1. Participant characteristics
Age 
(years)
Sex uPDrS-III No. of 
freezers
N-Fogq FAB Disease duration 
(years)
HY<3 64 (55-76) 12 M, 2 F 35 (14-50) 5 7 (0-22) 15 (9-18) 10 (4-23)
HY3 70 (59-81) 8 M, 3 F 38 (23-50) 6 8 (0-22) 14 (8-18) 10 (2-16)
controls 67 (57-77) 11 M, 4 F
Data are mean (range).UPDRS =MDS-Unified Parkinson’s disease rating scale part III (score/132), 
N-FOGQ = New Freezing of Gait Questionnaire(score/33), FAB = Frontal Assessment Battery 
(score/18)
Automatic postural response
A backward perturbation always resulted in a bilateral response in the tibialis anterior 
and rectus femoris muscles. The SAS accelerated the onset of the tibialis anterior 
responses in PD patients by on average 14 ms (SAS; F1,21=13.633, p=0.001; Figure 1 
and 2). Latencies and their acceleration by the SAS did not differ between patients with 
and without postural instability (SASxHY-stage; F1,21=0.173; p=0.681). However, the 
acceleration of tibialis anterior responses was significantly attenuated in the freezers 
(5 ms acceleration) compared to the non-freezers (20 ms acceleration; SASxfreezing; 
F1,21=5.150, p=0.034; Figure2). Post-hoc analysis revealed that latencies during trials 
without a SAS did not differ between freezers and non-freezers (t(23)=-0.391, p=0.699), 
whereas with a SAS, they were significantly delayed in the freezers compared to non-
freezers (t(23)=-2.447, p=0.022). Non-freezers did not differ from controls (Group; 
F1,27=0.107; p=0.746; SASxGroup; F1,27=0.210, p=0.651). 
The same pattern was seen for the rectus femoris muscle. The SAS accelerated the on-
set of the  postural responses in PD patients by on average 10 ms (SAS; F1,21=10.743, 
p=0.004). The acceleration did not differ significantly between patients with and without 
postural instability (SASxHY-stage; F1,21=1.247; p=0.277), but was significantly reduced 
in the freezers (2 ms acceleration) compared to the non-freezers (14 ms acceleration; 
SASxFreezing; F1,21=6.473, p=0.019). Post-hoc analysis revealed that latencies during 
trials without a SAS did not differ between freezers and non-freezers (t(23)=-1.439, 
p=0.164), whereas they were significantly delayed  in the freezers compared to non-
freezers following SAS presentation (t(23)=-2.416, p=0.043). Non-freezers did not differ 
from controls (158±13, 18 ms acceleration, Group; F1,27=0.013; p=0.909; SASxGroup; 
F1,27=0.544, p=0.467). 
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Figure 1. 
Average EMG-activity recorded in the tibialis anterior muscle of a single PD-patient (with freezing of 
gait and postural instability) during backward balance perturbations. Grey line represents perturba-
tions with SAS (determined onset latency = 140 ms). Black line represents perturbations without 
SAS (determined onset latency = 145 ms).
Figure 2. Onset latencies
Mean onset latencies (SE) of the automatic postural response in tibialis anterior (TA). HY = Hoehn 
and Yahr stage. A SAS significantly accelerated automatic postural responses. Latencies and their 
acceleration by the SAS did not differ between patients with and without postural instability. The 
SAS-induced acceleration of tibialis anterior responses was significantly attenuated in the freezers 
compared to the non-freezers. Non-freezers did not differ from controls. 
The SAS had no effect on the amplitudes of tibialis anterior or rectus femoris activity 
(SAS; F1,21=1.105, p=0.305; SAS; F1,21=2.122, p=0.160, respectively). Tibialis anterior 
amplitudes were on average 40% smaller in patients with postural instability compa-
red to patients without postural instability (HY-stage; F1,21=7.308, p=0.013; Figure 3), 
whereas they did not significantly differ between freezers and non-freezers (Freezing; 
F1,21=2.963, p=0.100). Rectus femoris amplitudes were on average 21% smaller in 
patients with postural instability compared to patients without postural instability, but 
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this difference did not reach significance due to large within- and between-subjects 
variability (HY-stage; F1,21=0.588, p=0.452). Rectus femoris amplitudes did not differ 
between freezers and non-freezers either (Freezing; F1,21=0.159, p=0.694). In addition, 
amplitudes of tibialis anterior and rectus femoris responses did not differ between 
patients without postural instability and controls (Group; F1,27=0.122; p=0.729; Group; 
F1,27=1.634; p=0.212, respectively). 
Figure 3. Postural response amplitude
Mean amplitudes (SE) of the automatic postural response in tibialis anterior (TA). HY = Hoehn and 
Yahr stage. Tibialis anterior amplitudes were significantly smaller in patients with postural instability 
compared to patients without postural instability, whereas they did not significantly differ between 
freezers and non-freezers. Amplitudes of tibialis anterior did not differ between patients without pos-
tural instability and controls.  
Balance correcting step
Step onset did not differ between patients with and without postural instability (HY-
stage; F1,21=0.001, p=0.971; Table 2), nor between freezers and non-freezers (Free-
zing; F1,21=0.079, p=0.782). The SAS had no general effect on the step onset (SAS; 
F1,21=0.988, p=0.332). In the freezers, however, we observed later step onsets in trials 
with a SAS, whereas non-freezers demonstrated an earlier step onset, yielding a signifi-
cant SASxFreezing interaction (F1,21=6.614, p=0.018). Step onset did not differ between 
non-freezers and controls (Group; F1,27=0.007, p=0.936). 
Patients with postural instability had smaller step lengths (12±5 cm) than patients wit-
hout postural instability (20±7 cm; HY-stage; F1,21=6.815, p=0.016; Figure 4), but step 
length did not differ between freezers and non-freezers (Freezing; F1,21=2.810, p=0.109; 
Table 2). A SAS did not influence step length (SAS; F1,21=2.537, p=0.126). Step lengths 
were shorter in patients without postural instability compared to controls (26±4 cm; 
Group; F1,27=8.261; p=0.008; Figure 4). 
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table 2. Step onset and number of balance correcting steps
Step onset (ms) Number of steps 
No SAS SAS No SAS SAS
Controls 349±51 337±45 1.3±0.4 1.3±0.4
HY<3 347±53 340±57 1.6±0.6 1.8±0.7
HY3 351±45 345±58 2.5±0.8 2.3±0.6
freezers 337±57 363±51 2.4±0.8 2.3±0.7
non-freezers 346±58 337±46 1.7±0.7 1.8±0.6
Values are mean (SD). 
The quality of the balance correcting step was lower in patients with postural instability 
compared to patients without postural instability as evidenced by more negative leg an-
gles (-10.7±5.00 vs -4.6±3.90; HY-stage; F1,21=7.060; p=0.015; Figure 4). Leg angles did 
not differ between freezers and non-freezers (Freezing; F1,21=1.602, p=0.219). The SAS 
improved the leg angle in PD patients by on average 0.90 (SAS; F1,21=10.121, p=0.004; 
Figure 4) with no differences between patients with and without postural instability 
(SASxHY-stage; F1,21=1.757, p=0.199) or between patients with and without freezing 
of gait (SASxFreezing; F1,21=0.102, p=0.753). Patients without postural instability had 
more negative leg angles compared to controls (Group; F1,27=11.884, p=0.002; Figure 
4). 
Figure 4. Step kinematics
Mean step lengths and leg angles (SE) during backward perturbations. Patients with postural insta-
bility had significantly smaller step lengths than patients without postural instability, but step length 
did not differ between freezers and non-freezers. Step lengths were significantly shorter in patients 
without postural instability compared to controls. Leg angles were significantly smaller in patients 
with postural instability compared to patients without postural instability. Leg angles did not differ be-
tween freezers and non-freezers. Patients without postural instability had more negative leg angles 
compared to controls.  
Patients with postural instability needed more steps to recover from the balance pertur-
bations than patients without postural instability (HY-stage; F1,21=4.765, p=0.041; see 
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Table 2). The average number of balance correcting steps tended to be higher in free-
zers compared non-freezers, but differences were not significant (Freezing; F1,21=3.920, 
p=0.061). The SAS did not influence the number of steps (SAS; F1,21=0.830, p=0.373). 
Patients without postural instability made more steps compared to control subjects 
(Group; F1,27=4.343, p=0.047). 
In PD patients, the leg angle correlated strongly with step length (rp=0.887; p<0.001) 
and moderately with response  amplitudes in tibialis anterior (rp=0.444; p=0.026). Cor-
relations between step length and tibialis anterior amplitudes bordered significance 
(rp=0.377; p=0.063).
Correlation between StartReact effects and underscaling
In PD patients, SAS-induced acceleration of postural responses in the tibialis ante-
rior muscle did not correlate with the amplitude of tibialis anterior activity (rp=0.026; 
p=0.902), nor with step length (rp=-0.078; p=0.711) or leg angle (rp=-0.052; p<0.806). 
Association between startle reflexes and StartReact
Following balance perturbations with a SAS, we found no difference in startle reflex 
occurrence between freezers (23% of trials with SAS), non-freezers (38%), and controls 
(23%;  F2,39=0.504, p=0.608). Furthermore, more frequent occurrence of startle reflexes 
was not associated with a larger StartReact effect in individual participants, neither in 
tibialis anterior (rp=0.194, p=0.230) nor in rectus femoris (rp=0.045, p=0.784). To further 
investigate the relation between the presence of SCM-reflexes and onset latencies in 
the TA-muscles during SAS-trials, we determined the onset of TA-responses for each 
SAS-trial separately. We conducted an ANOVA to compare SAS-induced accelerations 
in TA onsets between trials with and without SCM reflex. We included group (freezers 
– non-freezers – controls) as a between-subjects factor. As participants could either 
have SCM+ trials only, SCM- trials only or a combination of both, we also included the 
presence of SCM reflex (yes/no) as a between-subjects factor. This analysis demon-
strated that overall, accelerations in TA onset latencies did not differ between trials with 
and without SCM activation (13±4 ms vs. 16±4 ms; SCM reflex, F1,49=0.321, p=0.573); 
group x SCM reflex, F2,49=0.280, p=0.757; see Figure 5). Post-hoc LSD tests confirmed 
the reduced SAS-induced acceleration in the freezers compared to the non-freezers 
(p=0.043), as well as the absence of differences between non-freezers and controls 
(p=0.794). 
Simple reaction time task
In the ankle dorsiflexion task, the StartReact effect was significantly attenuated in 
the freezers compared to the non-freezers, which was reflected both in the latencies 
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of tibialis anterior activity (20 ms acceleration for freezers, 45 ms for non-freezers; 
SASxFreezing; F1,21=25.651, p<0.001, see Table 3) and in the accelerometer onset 
(18 ms acceleration for freezers, 50 ms for non-freezers; SASxFreezing; F1,21=13.413, 
p<0.001). There were no differences in acceleration between patients with and without 
postural instability, neither in the EMG responses (SASxHY-stage; F1,21=0.133, p=0.719) 
nor in the accelerometer onset (SASxHY-stage; F1,21<0.001, p=0.999).
Figure 5. Acceleration of tibialis anterior response
Mean acceleration (SE) of onset latencies of automatic postural responses in tibialis anterior (TA) 
during SAS-trials with and without a startle reflex in the sternocleidomastoid (SCM) muscle. The 
number of participants who showed trials with and without SCM reflexes is indicated on top of each 
bar. In all groups, acceleration of responses did not differ significantly between SAS-trials with and 
without a startle reflex in the SCM-muscle.
table 3. Ankle dorsiflexion
Onset TA (ms) Onset accelerometer (ms)
No SAS SAS No SAS SAS
Control subjects 140±16 98±18 156±22 109±16
HY<3 135±15 98±18 151±24 112±25
HY3 138±13 108±12 155±20 123±11
freezers 131±11 111±12 144±17 126±15
non-freezers 141±14 96±16 160±24 110±22
Values are mean (SD). HY = Hoehn and Yahr stage.
DISCuSSIoN 
We examined postural responses with and without a startling acoustic stimulus (SAS) 
in a carefully selected group of PD patients, and specifically contrasted the results 
between patients with pronounced postural instability versus those without, and 
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between those with FOG versus those without, while statistically controlling for the 
potential confounding effects of the other factor. Using this method, we were able to 
delineate characteristics specific to postural instability, and factors specific to freezing 
of gait. The results of the present study reveal a distinct dissociation between postural 
instability and FOG. We found reduced amplitudes of automatic postural responses 
following a backward perturbation, as well as reduced length and quality of the first ba-
lance correcting step, in patients with postural instability compared to patients without 
postural instability. These parameters did not differ between freezers and non-freezers. 
In contrast, the accelerating effect of a SAS on both postural responses and simple 
ankle dorsiflexion movements was not different between patients with and without pos-
tural instability. Instead, this effect was selectively attenuated in the freezers, whereas 
it was completely intact in non-freezers. The dissociation between postural instability 
and FOG was also evident from the lack of associations between StartReact effects and 
underscaling of balance correcting responses.
Different mechanisms underlie freezing and postural instability 
The frequent co-existence of freezing of gait and postural instability has raised the 
possibility of a shared pathophysiology.23,90,138,217 Indeed, this view is supported by pre-
vious studies that reported profound underscaling of balance correcting responses in 
freezers,263 as well as a defective StartReact effect.212,277 The present findings, however, 
strongly argue against the suggestion of a common underlying mechanism. The as-
sessment of balance correcting responses combined with a StartReact paradigm in 
a carefully balanced group of PD patients enabled us to identify hypometric balance 
correcting responses being specific to postural instability, versus defective StartReact 
being specific to freezing. The absence of correlations between SAS-induced accele-
rations of postural responses and continuous markers of postural instability such as 
amplitudes of postural responses, step length and leg angles particularly speaks in 
favor of dissociated mechanisms.
underscaling of balance responses underlies postural instability  
Patients with evident postural instability (HY3) had smaller amplitudes of automatic 
postural responses and a reduced length of the balance correcting step compared to 
patients without evident postural instability (HY<3). This resulted in a lower quality of 
the first balance correcting step, as reflected by more negative leg angles and larger 
numbers of steps needed to recover from the balance perturbations. These findings are 
in line with previous studies that also reported similar underscaling of balance correcting 
responses (including stepping) in PD patients compared to controls.22,130,144,263,266 These 
studies, however, did not differentiate between H&Y stages. Importantly, the present re-
sults show that not only patients with evident postural instability, but also those without 
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(clinically-defined) postural instability had smaller balance correcting steps and poorer 
step quality compared to healthy controls. The significant correlations of hypometric 
response amplitudes and step lengths with  step quality highlight the degree of unders-
caling being the critical determinant of PD-related balance impairments.
The observation of underscaled balance correcting responses in PD patients without 
evident postural instability is indicative of a continuum of balance impairments in PD, 
which calls for more sensitive clinical tests to identify and monitor these impairments.
The precise mechanisms underlying the underscaling of balance correcting responses 
are not completely clear. Moreover, it is unknown whether the underlying mechanisms 
are the same for hypometric postural responses and for reduced step lengths. The 
observation that step length tended to correlate with postural response amplitude may 
point at a common pathophysiological mechanism. Although automatic postural respon-
ses and stepping responses are organized in different neural structures, the cortex 
and basal ganglia are involved in shaping both to the demands of the task at hand.131 
The underscaling may thus reflect the hypokinesia that characterizes PD,245 which pre-
sumably results from abnormal proprioceptive-motor integration in the supplementary 
motor cortex.70,130 This explanation, however, raises the question why dopaminergic 
medication has only a small22,41 or no effect63,143,144 on balance responses, whereas it is 
able to improve supplementary motor cortex activity.202 The minor effects of dopaminer-
gic medication on balance impairments could indicate that lesions in non-dopaminergic 
pathways primarily underlie postural instability in PD. Deficiencies in cholinergic pa-
thways might be considered, as degeneration of cholinergic neurons is associated with 
falls,138 and treatment with the acetylcholinesterase inhibitor donepezil reduced the 
number of falls in PD patients.49 Moreover, bilateral lesioning of the cholinergic part 
of the PPN in monkeys induced postural deficits.138 In humans, postural instability in 
PD is correlated with both electrophysiological244 and PET-imaging29,200 measures of 
PPN-cholinergic dysfunction. Although deficits in non-dopaminergic pathways seem to 
be of great importance with regard to balance impairments in PD, the marginal effects of 
dopaminergic medication do not necessarily preclude a role for dopamine deficiency in 
the underlying pathophysiology, because the threshold for therapeutic relief may simply 
be higher than for other symptoms.94 Hence, future studies should further investigate 
the role of dopaminergic as well as non-dopaminergic pathways in the underscaling of 
balance correcting responses. 
Disturbed Startreact in freezers
In both PD patients and controls, a smaller SAS-induced acceleration was observed 
during postural responses compared to the ankle dorsiflexion task, which is in line with 
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the literature.207,211,215 There is, however, strong evidence that postural responses to 
balance perturbations are preprogrammed and subject to triggered release by a SAS, 
resulting in a StartReact effect.35,36,215 The smaller degree of acceleration by a SAS might 
be explained by differences in neural organization. In contrast to voluntary reactions in 
response to an imperative auditory or visual stimulus, automatic postural responses 
do not involve transcortical pathways,131,239,273 but are likely encoded by assemblies of 
neurons in the pmRF.267 The observation of defective StartReact effects in freezers is 
novel for automatic postural responses following backward balance perturbations. Pre-
vious studies demonstrated similar results for simple ballistic movements of the upper 
and lower extremities and when initiating gait.212,277 The consistency of these findings 
in different tasks suggests a common origin, possibly involving dysfunction of upper 
brainstem structures.138,277 Here, we extend on these findings by showing that defective 
StartReact is specific to freezing of gait and is not related to postural instability. 
The occurrence of the StartReact effect critically depends on the upcoming movement 
being readily prepared and ‘stored’. The exact neural structures involved remain to be 
unraveled,3 but there is accumulating evidence that StartReact reflects direct release of 
subcortically stored motor programs, possibly from the pontomedullary reticular forma-
tion (pmRF).214,288 Our group investigated the StartReact effect in patients with heredi-
tary spastic paraplegia (HSP). Patient with HSP have retrograde axonal degeneration 
of the corticospinal tract,135,236 while the reticulospinal tract is not affected.211 In these 
patients, ankle dorsiflexion reaction times to a visual stimulus were delayed, which 
finding concurred with delayed corticospinal motor conduction times as measured with 
supramaximal TMS. Upon the presentation of a visual stimulus combined with a SAS, 
however, they exhibited similar latencies to healthy control subjects, irrespective of the 
presence of a SCM-reflex. 
Based on this notion of a SAS-induced release of subcortical motor program, the defec-
tive StartReact effect in freezers may either indicate poor movement preparation at this 
levelor reduced responsiveness of these structures to triggers releasing the prepared 
motor responses. Finally, the attenuated StartReact effect in patients with FOG can 
be the result of an increased gain of the reticulospinal output.78 In freezers, the gain 
of the reticulospinal output might be set at maximum to compensate for underlying 
degenerative changes. In that case, the gain cannot increase further and the SAS will 
have no additional effect on a voluntary reaction time task, such as the present ankle 
dorsiflexion task, nor on corrective postural responses. However, our results on the 
effects of a SAS on the scaling of responses do not seem to argue in favor of differences 
in gain underlying the attenuated StartReact effects in freezers. Stepping leg angles 
significantly improved when the SAS was applied together with the perturbation, which 
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effect was similar between freezers and non-freezers. Furthermore, in our previous 
paper on StartReact effects in gait initiation, we reported greater amplitudes for anticipa-
tory postural adjustments as well as greater response amplitudes in the tibialis anterior 
in trials with a SAS compared to those without.212 Again, these effects of the SAS on 
response scaling were not different between freezers and non-freezers, whereas the 
effects of the SAS on response onsets were similar to those presently reported.
Importantly, there are several observations that suggest that startle reflexes and Start-
React effects are at least partly dissociated. First, while a prepulse at 100 ms and 500 
ms was shown to significantly reduce the amount of SCM activation, the StartReact 
effect was reported to be unaffected by the prepulse.183 Second, the presence of a 
startle reflex in SCM does not appear to be a prerequisite for the StartReact effect. 
Although some studies40,113,287 reported an attenuation of StartReact effects when no 
startle reflex activity is observed, several other studies could not establish a significant 
relationship between the occurrence of SCM responses and StartReact, which was true 
both for experiments involving simple reaction time tasks180,214 and for tasks involving 
gait and postural responses.38,159,214,215,241,247 As a SAS restored reaction times in patients 
with HSP, irrespective of the presence of a SCM-reflex, startle reflexes are likely not a 
prerequisite for a SAS-induced release of a subcortically stored motor programs. A final 
observation in support of (at least partly) dissociated mechanism underlying startle re-
flexes and StartReact comes from a study that reported on the effect of PPN-stimulation 
in PD patients with FOG.277 When the stimulator was turned off, the StartReact effect 
and startle reflexes were absent in these patients, but PPN-stimulation restored Start-
React effects, while leaving the impairment in startle reflexes unchanged. This implies 
that a defective StartReact effect in freezers does not merely represent a degradation of 
primary startle reflex pathways, but rather points at a specific motor preparation deficit.
Remarkably, the putative inadequate representation or release of motor programs at 
brainstem level in freezers did not result in delayed postural responses, despite the fact 
that these responses are  presumably mediated also by neurons in the pmRF.267,288 Given 
the great complexity of neuronal organization at the brainstem level, and uncertainties 
regarding the integrative role of brainstem nuclei in the generation of movement, we can 
only speculate about a possible explanation for this rather unexpected result. Possibly, 
the postural response is released from different (brainstem) neurons when triggered by 
a SAS as compared to the proprioceptive input induced by the mechanical perturbation 
itself. This implies that some neurons may be primarily involved in the preparation of 
the automatic postural response, whereas others are responsible for its release by 
afferent information. By analogy with voluntary movements, the SAS could have access 
to neurons that are involved in the preparation of the response.288 In freezers, these 
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preparatory structures may be defective, whereas the neural circuits involved in the 
release of automatic postural responses by proprioceptive input may be intact. Further 
research should identify the existence of such brainstem networks in order to support 
this hypothesis. 
In conclusion, our results suggest that the mechanisms underlying freezing of gait 
and postural instability in PD patients are at least partly different. This stresses the 
notion that future studies should address gait and balance separately,164 and calls for 
studies elucidating the specific neural circuits subserving these behaviors, as well as 
their degradation in PD. Novel paradigms, such as motor imagery of balance control 
and gait,77 could help to further unravel the separate mechanisms underlying postural 
instability and FOG. 
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ABStrACt 
In this study, we investigated the effect of dopaminergic medication on reactive 
stepping responses to forward and backward balance perturbations in patients 
with moderately severe Parkinson’s disease (PD). Twelve PD patients, Hoehn 
& Yahr stage ranging from 2 to 3, and 15 healthy controls were exposed to 
multidirectional translational stance perturbations on a moveable platform. Per-
turbations were unpredictable in terms of amplitude, timing and direction. Patients 
were tested in the medication ON and OFF (at least 12 hours of dopaminergic 
medication withdrawal) state on two separate days. Forward and backward step-
ping responses were quantified in terms of (1) presence, onset and amplitude of 
anticipatory postural adjustments (APAs); (2) spatiotemporal step variables (step 
onset, length and velocity); and (3) leg inclination angle at first stepping-foot con-
tact. When perturbed forward, patients performed worse than controls in terms of 
step length (0.32±0.07 vs. 0.38±0.05 m, p=0.01) and step velocity (1.21±0.16 vs. 
1.37±0.13 m/s, p=0.01), while step onset was not different. The number of steps 
with an APA was larger in patients in the OFF state than in controls which was, 
however, only significant after forward perturbations (43% vs. 20%, p=0.01). Fol-
lowing backward perturbations leg angles at foot contact were smaller in patients 
compared to controls (-2.71±4.29° vs. 0.26±2.80°, p=0.04) reflecting a poorer 
mechanical efficiency of the step. Dopaminergic medication had no significant 
effect on any of these outcomes. In conclusion, dopaminergic medication does not 
improve underscaling of stepping responses in PD. Therefore, other interventions 
are needed to improve these important defense postural reactions. 
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INtroDuCtIoN
Postural instability is a common and debilitating symptom of Parkinson’s disease (PD), 
often resulting in falls.71  Falls occur in as many as 87% of PD patients within 20 years 
after diagnosis104 and can have serious consequences, such as hip fractures, reduced 
quality of life, and even a substantially decreased survival time.54,185,311 Dopaminergic 
medication is commonly used to relieve symptoms of PD, such as rigidity, bradykinesia 
and tremor.269 Gait can also improve with dopaminergic medication, although some 
types of gait disorders – in particular freezing of gait – respond unpredictably, and may 
even worsen.76 The effect of dopaminergic therapy on postural instability is even less 
clear, as some balance outcome measures can improve, while others are resistant to 
medication or worsen.19,22,118,143,144,168,188,216 Studies that used clinically based balance 
tests as outcome measures generally reported beneficial effects of dopaminergic medi-
cation,168,188,216 but performance on these tests may not only be influenced by postural 
instability, but also by other symptoms of PD, such as rigidity or freezing.168 
No or only minor effects of medication were observed when using dynamic posturo-
graphy as a more objective method to assess postural stability.209 However, only few 
studies have focused on stepping responses to recover balance.143,144 In real life, step-
ping responses are critical to prevent a loss of balance becoming a fall. Previous studies 
have found substantial underscaling of stepping responses in PD patients,143,144,190 but 
dopaminergic medication did not improve forward or lateral stepping.143,144 Surprisingly, 
the effects of dopaminergic medication on stepping responses following backward per-
turbations have not been investigated, despite the fact that PD patients are particularly 
unstable in this direction.41,117,263 As there are indications that different neural circuitry is 
involved in responses to backward and forward perturbations,215 effects of dopaminergic 
medication on postural responses in either direction may also differ. 
In this study, we therefore investigated the effect of dopaminergic medication on 
backward and forward stepping responses to unpredictable multidirectional support-
surface translations in patients with moderately severe PD. Stepping responses were 
quantified in terms of (1) presence and amplitude of anticipatory postural adjustments 
(APAs), reflecting the preparation phase of stepping; (2) spatiotemporal step variables, 
reflecting the execution phase of the step; and (3) leg inclination angle at the instant of 
first stepping-foot contact, which is a measure of mechanical step efficiency.309 
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MethoDS
Participants
Twelve patients with PD (diagnosed according to the UK Brain Bank Criteria) and 15 
healthy controls of similar age were included (Table 1). Patients were recruited from 
the Neurology Department of the Radboud University Medical Center. To be included, 
patients had to have a Hoehn and Yahr (H&Y) stage between 2 and 3 in their OFF state. 
Patients were clinically characterized using the motor score part of the revised version 
of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS III)92 and the New 
Freezing of Gait Questionnaire (NFOG-Q).206 Participants were excluded when they 
had other neurological, orthopedic or vestibular disorders that could interfere with the 
test results. All subjects gave written informed consent. The study was approved by the 
local medical ethical committee and was conducted in accordance with the Declaration 
of Helsinki.
table 1. Subject characteristics
PD patients healthy controls
Age (yrs) (mean/sd) 64.9 (6.4) 61.2 (5.4)
gender (M/F) (n) 8/4 9/6
uPDrS oFF (mean/sd) 35.8 (11.9) -
uPDrS oN (mean/sd) 32.1 (11.5) -
leD* (mean/sd in mg) 740 (415)
h&y stage oFF (mean/sd) 2.4 (0.5) -
Freezing of gait (n) 3 -
* Levodopa equivalent dose292
Balance perturbations 
Perturbations were delivered by a moveable platform (Radboud Falls Simulator, 
120x180cm  Baat Medical, Enschede, The Netherlands; Figure 1).209 Participants stood 
with their feet against two parallel lines (4.5 cm apart) and the hands folded at the 
umbilical level. The platform could suddenly and unexpectedly translate in the forward, 
backward, and sideways directions. Translations consisted of an acceleration phase 
(300 ms), a constant velocity phase (500 ms), and a deceleration phase (300 ms). 
The constant velocity phase prevented the subjects from using the deceleration of the 
platform to recover balance.41,283 Participants were instructed to respond naturally to the 
perturbations, without grabbing the rails surrounding the platform. Participants wore a 
safety harness attached to a sliding rail mounted at the ceiling, which allowed friction-
less movement of the cable during forward and backward perturbations. 
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Figure 1. Experimental set-up
The experimental set-up consisted of a moveable platform with two embedded force plates (120 by 
180 cm). The platform could translate in the forward, backward, and sideways directions. 
Participants were exposed to forward translations at 1.5 m/s2 and backward translati-
ons at 1.75 m/s2. A forward translation of the platform resulted in a backward balance 
perturbation and a backward translation resulted in a forward balance perturbation. 
We will refer to the direction of the perturbation. To minimize the expectancy of the 
perturbations, the described sagittal-plane perturbations were alternated with sham 
perturbations of lower intensity in this plane as well as with sideways perturbations. The 
exact timing of the perturbations was unknown to the participants. After familiarization 
with the experimental setup, four trials were collected for both directions in the sagittal 
plane.
Procedure
Patients were tested in their ON (PD-ON) and OFF (PD-OFF, after at least 12 hours 
of dopaminergic medication withdrawal) medication state on two separate days (at 
least six days apart). The order of the measurements was counterbalanced among the 
subjects. Healthy controls (HC) were measured once. 
Data collection 
Full-body kinematics. To obtain full-body kinematics, reflective markers were placed 
on anatomical landmarks according to the Vicon Plugin-Gait model (Vicon, Oxford, 
UK).60 The marker positions were recorded by an 8-camera 3D motion analysis system 
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(100 Hz, Vicon Motion Systems, United Kingdom). The start of the perturbations was 
determined by a digital trigger signal (sampled at 2000 Hz). 
Ground reaction forces. Ground reaction forces were collected using two separate force 
plates (60 by 180 cm each, AMTI Custom 6 axis composite force platform, USA, 2000 
Hz) embedded in the moveable platform. 
Data analyses 
All data were filtered with a second order zero-lag butterworth filter with a cutoff fre-
quency of 5 Hz for the kinematic data and 20 Hz for the force plate data. We classified 
each trial as a single or multiple stepping response based on visual inspection of the 
video recordings. Thereby, a step was defined as an extension of the base of support in 
the direction of the perturbation. 
Anticipatory Postural Adjustments (APAs). For each step the occurrence of an APA 
was determined.215 A weight shift was considered an APA if it met two criteria. First, 
the difference between the vertical force underneath the stance and stepping leg had 
to exceed a threshold of 2 SD above the mean difference, as calculated over 100 ms 
prior to the perturbation. Second, an increase in force directed towards the stepping leg 
had to exceed 2.5% of the total body weight. As a result, normal changes due to minor 
weight shifts were not classified as an APA.   
For each APA, the onset and amplitude were determined. The amplitude of the APA 
was calculated as the maximum increase in force under the stepping leg normalized for 
body weight. Furthermore, APAs were classified as either ‘single’ or ‘multiple’. 
Spatiotemporal step variables. Step variables included step onset, length, and velocity. 
Step onset was defined as the instant at which horizontal velocity of the first foot marker 
(heel or toe) exceeded 0.2 m/s. Foot contact was defined as the first sample where 
the toe marker velocity dropped below this threshold. The instants of step onset and 
foot contact were used to calculate step length and step duration. Step velocity was 
defined as step length divided by step duration. Detection of step onset and foot contact 
was performed by a custom-written Matlab program and was corrected after visual 
inspection (if necessary). 
Leg inclination angle. The leg inclination angle with respect to the vertical at first foot 
contact was calculated in the sagittal plane.309 The leg inclination angle was defined as 
positive when the marker on the second metatarsal was located posterior to the mid 
pelvis (midpoint between the markers on the anterior and posterior superior iliac spines, 
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see Figure 2). Hence, for backward stepping a larger positive leg angle represents 
a better mechanical efficiency; for forward perturbations a larger negative leg angle 
represents better efficiency. 
Figure 2. Leg inclination angle
The leg inclination angle with respect to the vertical was calculated in the sagittal plane, using the 
midpoint between the four pelvis markers (left and right anterior and posterior superior iliac spine) 
and a marker placed on the second metatarsal head. A positive leg inclination angle indicated that 
the foot marker was located posterior to the mid pelvis. 
Statistical analyses
Outcome measures were averaged for each participant and for each direction. To evalu-
ate the influence of dopaminergic medication on step variables, a general linear model 
(GLM) for repeated measures was used with Medication (ON vs OFF) and Direction 
(Forward vs Backward perturbations) as within-subjects variables. We also determined 
whether medication effects on step variables were modified by H&Y stage by entering 
this factor in the model. Since no significant Medication x H&Y interactions were found 
(p ≥ 0.308), we did not further consider H&Y stage in the analyses. Furthermore, we also 
compared the PD group (PD-OFF) and the control group using a GLM with Direction as 
a within-subjects factor and Group as a between-subjects factor. 
To test the effect of Medication and Group on the proportion of trials with an APA and the 
proportion of trials with a multiple step,  chi-square tests were used to compare between 
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PD-OFF and PD-ON, and between PD-OFF and controls. APAs were inconsistently 
present across participants and perturbation directions. Therefore, a paired t-test was 
used to compare APA onset and amplitude between medication states and an indepen-
dent samples t-test was used to test differences in APA onset and amplitude between 
patients (PD-OFF) and controls.  All statistical analyses were performed with SPSS 
20.0 (IBM Corporation 2011) and the level of significance was set at 0.05. 
reSultS
occurrence of multiple stepping responses
Patients used multiple steps to recover from backward perturbations in more than half 
of the trials (PD-OFF: 54%, PD-ON: 62%). Following forward perturbations, multiple 
steps were less common (PD-OFF: 23%, PD-ON: 26%). Medication did not influence 
the proportion of trials with multiple steps (backward perturbations: χ2=0.55, p=0.46; 
forward perturbations: χ2=0.058, p=0.810). Compared to healthy controls (backward 
37%, forward 7%), PD patients in the OFF state more frequently used multiple steps 
to recover balance, but group differences were only significant in the forward direction 
(forward perturbations: χ2=5.95 p=0.01; backward perturbations: χ2=3.05, p=0.08).
Anticipatory postural adjustments
Multiple APAs were observed only once following a backward perturbation in a PD pa-
tient (non-freezer, H&Y 2) during the OFF state. For backward perturbations, APAs were 
detected in 33% of the trials (9 patients) in PD-OFF versus 21% (5 patients) in PD-ON, 
which difference was not significant (χ2=1.74, p=0.19). In the forward direction, APAs 
were observed in 43% of the trials (12 subjects) in PD-OFF versus 36% (8 subjects) in 
PD-ON, which difference was also not significant (χ2=0.40, p=0.53). Medication state 
neither affected APA onset nor amplitude (p>0.73, Figure 3). 
PD patients in the OFF state did not differ from controls with regard to the proportion 
of trials with an APA following backward perturbations (HC 32%; 11 subjects; χ2=0.015, 
p=0.90), but they more frequently demonstrated an APA following forward perturbations 
(HC 20%; 10 subjects; χ2=6.13, p=0.01). APA onset and amplitude were not different 
from controls in either direction (Figure 3, p>0.21). 
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Figure 3. Anticipatory postural adjustments
Anticipatory Postural Adjustments (APAs). Upper panels: Onset of the APA in seconds. Lower panels: 
Amplitude of APA expressed as a % of body weight. Bars represent standard deviations. *=p<0.05 
for PD-OFF vs healthy controls . 
Kinematic variables 
Spatiotemporal variables. Following both forward and backward perturbations, spatio-
temporal step variables were not significantly different between PD-OFF and PD-ON 
(Figure 4, Table 2; Medication, p≥0.33; Medication x Direction, p≥0.32). Patients had 
smaller step lengths and lower step velocities than controls (Table 3; Group, p=0.04 and 
p=0.05, respectively), but post-hoc tests were significant only in the forward direction 
(step length, PD-OFF 0.32±0.07 m, HC 0.38±0.05 m, p=0.01; step velocity, PD-OFF 
1.21±0.16 m/s, HC 1.37±0.13 m/s, p=0.01). For step onset there was a significant 
Group x Direction effect (p=0.01), but post-hoc tests did not reveal significant group 
differences in step onset for either forward or backward perturbations. 
Leg inclination angle. Medication did not affect the mechanical step efficiency in terms 
of leg inclination angle at foot contact (Figure 5, Table 2; Medication, p=0.72; Direction 
x Medication, p=0.30). However, patients performed significantly worse than controls 
(Table 3; Group x Direction, p=0.01) with smaller (i.e. more negative) leg angles after 
backward perturbations (PD-OFF -2.71±4.29°, HC 0.26±2.80°, p=0.04).
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Figure 4. Spatiotemporal step variables
Spatiotemporal step characteristics. Upper panels: Step onset in seconds. Middle panels: Step 
length in meters. Lower panels: Step velocity in meters per second. Bars represent standard devia-
tions. *=p<0.05 for PD-OFF vs healthy controls.
table 2. Effects of dopaminergic medication on step variables
Dependent variable Direction Medication Direction*Medication
F P F P F P
leg angle 86.71 0.00* 0.14 0.72 1.16 0.30
Step onset 0.05 0.83 0.98 0.34 1.19 0.30
Step length 30.01 0.00* 1.03 0.33 0.37 0.56
Step velocity 31.01 0.00* 0.96 0.35 1.09 0.32
table 3. Effects of group (PD) on step variables
Dependent variable Direction group Direction*group
F P F P F P
leg angle 369.83 0.00* 0.90 0.35 7.47 0.01*
Step onset 5.16 0.03* 0.00 0.98 8.04 0.01*
Step length 43.95 0.00* 4.82 0.04* 1.10 0.30
Step velocity 50.53 0.00* 4.41 0.05* 2.39 0.13
159
9
Dopaminergic medication does not improve stepping responses following backward and forward 
balance perturbations in patients with Parkinson’s disease
Figure 5. Leg inclination angle
Leg inclination angle at foot contact. For definitions of leg angles see Figure 2. Bars represent stan-
dard deviations. *=p<0.05 for PD-OFF vs healthy controls.
DISCuSSIoN
The aim of this study was to investigate the effect of dopaminergic medication on stepping 
responses to unpredictable balance perturbations in patients with moderately severe 
PD. For the first time, the medication effects on the kinematics of backward stepping 
responses were investigated, which is particularly relevant in view of the pronounced 
postural instability of PD patients in this direction.41,117 Following both backward and 
forward perturbations, PD patients demonstrated poorer stepping performance than 
controls, however, none of the step abnormalities were improved by medication. These 
findings are consistent with previous work reporting absent medication effects on step 
kinematics following forward and lateral perturbations.143,144  
Two factors may be responsible for the absence of a dopaminergic effect on stepping 
responses in PD. First, the medication dose in our patients that was sufficient to relieve 
the ‘appendicular’ symptoms of PD, such as tremor and rigidity, may have been too 
low to improve postural stability. Future studies could consider using a supramaximal 
levodopa dose, as was done in several prior studies,301,306 however, Visser et al. repor-
ted that centre of mass displacement after a backward perturbation was still abnormally 
large in PD patients who had received a supramaximal dose of levodopa.301 It is there-
fore unlikely that the absence of an effect observed in our study can be explained by 
a too low medication dose. Second, deficient non-dopaminergic pathways could be 
responsible for impaired stepping responses in patients with PD.93 Especially degene-
ration of cholinergic pathways from the pedunculopontine nucleus (PPN) that can occur 
in the early stages of the disease may contribute to postural instability in PD.27 Indeed, 
there is some evidence that PPN stimulation improves the gait and balance sub-scores 
of the UPDRS and possibly reduces fall risk in PD patients.198,276 Furthermore, there 
is preliminary evidence that fall frequency in recurrent fallers with PD can be reduced 
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by cholinesterase inhibitors,49 indicating that cholinergic rather than dopaminergic 
pathways may play a key role in postural instability in PD.
As for backward perturbations, PD patients did not differ from controls with regard to 
spatiotemporal step variables, but they did have more negative leg inclination angles at 
first stepping-foot contact. Similar findings have previously been reported by Smulders 
et al. (2014).263 Although the leg angle is typically correlated to step length, it is a better 
measure of the mechanical efficiency of backward stepping responses,309 because it 
includes the position of the centre of mass (pelvis markers) relative to the posterior 
edge of the base of support (foot marker). Hence, the smaller leg angles in the PD 
patients reflect poorer mechanical efficiency of the first backward step, despite a normal 
step length. This deficit is presumably due to underscaling of initial postural responses 
that typically serve to counteract the perturbation-induced centre of mass excursions. 
As for forward perturbations, PD patients demonstrated smaller lengths and velocities of 
the first step compared to healthy controls, which is also in line with previous work.130,144 
This probably reflects hypokinesia as a key symptom of PD and indicates poorer step 
quality.259 Indeed, PD patients more often used a multiple stepping response, indicating 
that the first step may not have been sufficient to overcome the perturbation. Step onset 
latencies were normal in our patients, which is in line with the findings of Jacobs et al..130 
In contrast, King et al.144 found delayed step onsets, which may be due to the fact that 
their patients were on average more severely affected than those in our study. 
APAs were more common in patients than in controls after forward perturbations which 
is in line with a previous study that also used translational perturbations.144 It is unclear, 
however, whether this observation should be interpreted as a PD-related deficit, as 
APAs are generally considered important for generating push-off forces.33 Multiple 
APAs, on the other hand, are considered pathological,132 but this was only observed 
once in our study. It may be that multiple APAs are only evident in patients with greater 
disease severity. Indeed, King et al. (2010) reported larger number of multiple APAs, 
particularly in PD patients with freezing.144 This difference in disease severity between 
studies may also explain the normal step onsets that we observed in our PD group, as 
King et al. (2010) demonstrated that delayed step onsets were associated with multiple 
APAs.144 
A strength of this study was that we used perturbations that were unpredictable in terms 
of magnitude and direction. This is essential, because exposure to repeated unidirectio-
nal perturbations induces habituation of postural responses204,223 and reduces the ability 
to discriminate between PD patients and healthy controls.204 Another strength was that 
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the ON and OFF assessments were performed on two separate days. This procedure 
allowed us to counterbalance the order of the conditions (OFF and ON) among the 
subjects, thereby averaging out possible learning effects. 
As dopaminergic medication did not improve reactive stepping in PD patients, other 
therapies should be considered to improve this important defensive mechanism against 
falling. The observation of cholinergic degeneration in neural structures involved 
in posture and gait control27,28,138,244 suggests that therapies aimed at the cholinergic 
system may be beneficial. These therapies can include pharmacological49 as well as 
non-pharmacological interventions (i.e. deep-brain stimulation).198 In addition, prelimi-
nary evidence suggests that perturbation-based training to improve balance recovery 
responses may also be effective in reducing the risk of falling in PD.237 
A limitation of our study was that our patient group was relatively mildly affected with 
half of them still exhibiting a normal pull test (H&Y 2). Beneficial effects of dopaminergic 
medication may me more pronounced in more severely affected patients. However, the 
absent effect of medication was observed irrespective of H&Y stage. Furthermore, it is 
also unlikely that our results may be explained by a ceiling effect as previous work has 
shown that even patients with H&Y stage <3 demonstrate impaired reactive stepping 
responses.263  These impairments were similar to those observed in the present study. 
Conclusions
This study showed that moderately severe PD patients (H&Y stage 2-3) showed 
underscaled stepping responses to unpredictable forward and backward balance per-
turbations that did not positively respond to dopaminergic medication administered in a 
dosage that was sufficient to improve their appendicular symptoms. 
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SuMMAry
Postural instability is an important risk factor for falls in individuals with central nervous 
system disorders. The mechanisms underlying postural instability in these individuals 
remain poorly understood, and this hampers the further development of effective fall 
prevention strategies. Therefore, the central aim of this thesis was to improve our un-
derstanding of postural instability resulting from pyramidal (stroke) and extrapyramidal 
(Parkinson’s disease) brain lesions.
PArt oNe: StroKe
Question 1: How does weight-bearing asymmetry affect postural instability in 
post-stroke individuals?
In the first part of my thesis I investigated the role of weight-bearing asymmetry (WBA) 
in postural instability in stroke survivors. WBA in favor of the non-paretic leg is common 
in people after stroke and has often been regarded as a cause of postural instability. 
Therefore, training of weight-bearing symmetry has long been a major focus in balance 
rehabilitation after stroke. In chapter 2 I conducted a systematic review to summarize 
the current evidence for an association between WBA and measures of postural stability. 
It was found that stroke survivors with more severe WBA had increased postural sway 
(i.e. poorer stability) and more impaired balance correcting responses of the paretic leg. 
Imposing a more symmetrical weight distribution in individuals with stroke led to only 
minimal improvements of postural responses of the paretic leg. Based on these findings 
I suggested that, particularly in individuals with poor balance correcting responses of 
the paretic leg, WBA may serve as a compensatory strategy to more effectively use the 
non-paretic leg for controlling balance. 
In chapter 3 I investigated how different aspects of reactive balance were affected by 
several imposed weight-bearing conditions. I imposed three weight-bearing conditions 
(0, 10 and 20% of body weight unloading) in healthy individuals (chapter 3A) and 
in stroke survivors (chapter 3B). In people with stroke the unloaded leg was always 
the paretic leg. In each WBA condition, participants stood on a translating platform 
and were exposed to balance perturbations in four directions (forward, backward and 
both sideways directions). I determined the highest perturbation intensity that could be 
sustained without stepping (stepping threshold). For perturbations above the stepping 
threshold, I determined whether participants used the loaded or the unloaded leg for 
stepping. Stepping thresholds following forward and backward perturbations were not 
affected by WBA. For sideways perturbations, however, WBA resulted in higher (i.e. 
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better) stepping thresholds for perturbations towards the unloaded side (paretic leg 
in stroke survivors) and lower stepping thresholds towards the loaded side. In both 
groups, the number of steps with the unloaded leg was increased by WBA. I also found 
that, in people with stroke, paretic leg unloading resulted in the ability to take side steps 
upon perturbations towards the paretic side. These side steps are more effective in 
restoring balance than crossover steps. Taken together, these findings suggest that 
some degree of paretic leg unloading may protect stroke survivors from falling towards 
the paretic side. It remains to be investigated to what extent these potential benefits 
of WBA outweigh its potentially detrimental effects observed in the other perturbation 
directions. 
Question 2: Which kinematic determinants are critical for successful reactive 
stepping post stroke?
Identifying key determinants of falls is crucial for the development of successful fall 
preventive training programs. In chapter 4 I aimed to identify critical determinants of 
successful backward balance recovery in people after stroke and in healthy controls. 
Participants underwent backward balance perturbations with increasing magnitude 
and were instructed to recover balance with a single backward step. For each trial, I 
determined spatiotemporal step parameters (step onset, length, duration and velocity) 
and body configuration parameters at first stepping-foot contact (vertical leg and trunk 
inclination angles). Using a logistic regression analysis, I compared these two groups 
of parameters in their ability to discriminate between trials with and without successful 
single step balance recovery. Based on previous work in healthy young individuals 
I hypothesized that body configuration parameters were more predictive of balance 
recovery capacity than spatiotemporal step parameters. At greater perturbation mag-
nitudes people in the stroke group became progressively less successful than controls 
in sustaining perturbations with a single step. Across the whole group of participants, 
both spatiotemporal and body configuration parameters were significant predictors of 
balance recovery capacity. Leg and trunk angles were more predictive of successful ba-
lance recovery than spatiotemporal step parameters (Nagelkerke R2=0.71 vs 0.61). In 
addition, these body configuration parameters could explain successfulness of balance 
recovery regardless of participant group or stepping leg (paretic / non-paretic). Hence, 
body configuration parameters appear to be universal predictors of backward balance 
recovery capacity that may apply to other clinical populations as well. Furthermore, 
body configuration at first stepping-foot contact holds great promise as a clinically 
feasible indicator of backward fall risk, given its potential to be derived from a single 
sagittal screenshot. 
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Question 3: How do impaired postural responses in post-stroke individuals affect 
dynamic stability?
Following balance perturbations people after stroke demonstrate delayed and reduced 
postural muscle responses. These early muscle responses serve as the first line of 
defense against balance perturbations, but it remains unknown how critical these re-
sponses are for the ability to overcome balance perturbations. In chapter 5 I aimed to 
identify the contribution of deficits in very early postural responses to poorer balance 
recovery capacity, with a particular focus on reactive stepping as a key strategy for avoi-
ding falls. I subjected 34 people after unilateral stroke and 17 controls to translational 
balance perturbations in four directions and identified the highest perturbation intensity 
that could be sustained without stepping (single stepping threshold), and with maximally 
one step (multiple stepping threshold). In addition, I determined onset latencies and 
response amplitudes of seven leg muscles bilaterally and identified associations with 
balance capacity. In agreement with previous studies I found that onsets and amplitu-
des of postural responses were substantially delayed and reduced in the paretic legs of 
people after stroke. Single stepping thresholds were not significantly reduced in stroke 
survivors, indicating that their feet-in-place balance capacity was not severely impaired. 
The ability to restore balance using reactive steps, on the other hand, was severely 
impaired after stroke, as evidenced by substantially lower multiple stepping thresholds. 
EMG variables were rather weakly associated with forward and backward multiple step-
ping thresholds (R2=0.10-0.22) and with single stepping thresholds (R2=0.08-0.15). For 
perturbations towards the paretic side, there was a strong association between gluteus 
medius onset and amplitude and the multiple stepping threshold (R2=0.33). For this 
perturbation direction two main balance recovery strategies were used by participants: 
1) a crossover step with the leg that was passively unloaded by the perturbation and 2) 
a side step with the leg that was loaded by the perturbation. Side step balance recovery 
resulted in higher (i.e. better) multiple stepping thresholds than crossover stepping, but 
was also more difficult to perform as sides steps require quick active unloading of the 
leg that is passively loaded by the perturbation. This may explain why we observed 
fewer sidesteps following perturbations towards the paretic side (29%) compared to 
perturbations towards the non-paretic (61%) side and compared to healthy controls 
(55%). I suggested that fast and vigorous activity of gluteus medius appears critical for 
overcoming large sideways perturbations, presumably by facilitating the effective use 
of side steps.
In Chapter 6 I investigated how deficits in the coordination of muscle responses con-
tributed to postural instability in stroke survivors. Ten people after unilateral stroke (> 6 
months) and 9 healthy controls were subjected to translational balance perturbations in 
12 directions resulting in a feet-in-place response. Activity of eight leg and lower back 
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muscles was recorded bilaterally. I used nonnegative matrix factorization to identify 
groups of muscles that were activated simultaneously. The analysis was performed on 
three consecutive 75 ms time bins following the onset of muscle activity. I also deter-
mined perturbation-induced body sway to characterize the functional consequences of 
stroke-related muscle coordination deficits. I found that three motor modules were con-
sistently present in healthy controls. One of these modules, that involved the hamstrings 
and erector spinae and responded to forward perturbations, was missing in the paretic 
leg of four participants with stroke. These individuals demonstrated larger body sway in 
response to forward perturbations than those with the intact motor module (p=0.02). For 
another module, that involved the tibialis anterior and rectus femoris and responded to 
posterolateral perturbations, initial activity was reduced on the paretic side. Accordingly, 
this lower initial activity was strongly associated with increased body sway following 
posterolateral perturbations (R2=0.68, p<0.01). The stroke-related deficits in muscle 
coordination were heterogeneously distributed across patients, indicating that stroke 
survivors suffer from distinct deficiencies in muscle coordination. The heterogeneity of 
the deficits suggests that different pathophysiological mechanisms may underlie each 
deficit. Identifying patient-specific postural control deficits is crucial for the development 
of targeted interventions to improve postural stability in stroke survivors. 
Question 4: Do deficits in brainstem reticular networks contribute to postural 
instability in patients with Parkinson’s disease?
Postural instability is an important risk factor for falls in patients with Parkinson’s disease 
(PD). Chapter 7 is a narrative review on recent advances in the field of dynamic postu-
rography that can lead to a better understanding of postural instability. With the recent 
development of large moveable platforms, it is possible to deliver large (great amplitude) 
and fast balance perturbations that can closely resemble real-life fall circumstances. 
Unlike many conventional dynamic posturography setups, these larger platforms can 
be used to study the quality of reactive stepping responses, which are an important 
protective strategy to prevent falls in daily life. Previous dynamic posturography studies 
have already demonstrated that PD patients have difficulties with the scaling the size 
of their postural responses according to the needs of the task at hand. It was further 
suggested that future studies could focus on the interaction between startle pathways 
and postural responses in order to better understand the pathophysiology of PD-related 
postural instability.209
Chapter 8 addresses the role of dysfunction of brainstem reticular networks in PD-
related postural instability. These networks are known to be involved in freezing of gait 
(FOG), and it was suggested that FOG and postural instability may have a common 
pathophysiology.90,138 Brainstem function was evaluated by studying the effect of a 
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startling acoustic stimulus (SAS) on balance correcting responses following backward 
perturbations. In healthy individuals, these responses can be accelerated by a SAS 
(StartReact effect). Twenty-five patients with idiopathic PD (11 with postural instability 
(6 freezers); 15 without postural instability (5 freezers)) and 15 healthy control subjects 
were included. The amplitude of automatic postural responses and length of the first 
balance correcting step were smaller in patients with postural instability compared to 
patients without postural instability, but did not differ between freezers and non-freezers. 
In contrast, the StartReact effect was intact in patients with postural instability, but was 
attenuated in freezers. These findings suggest that the mechanisms underlying postural 
instability and freezing of gait are at least partially different. 
Question 5: Does dopaminergic medication improve postural stability in patients 
with Parkinson’s disease?
Dopaminergic medication is commonly prescribed to relieve symptoms of PD. In chap-
ter 9 I investigated whether dopaminergic medication can improve balance correcting 
responses to forward and backward perturbations in PD patients. Twelve PD patients 
and 15 controls were subjected to multidirectional perturbations on a moveable platform. 
PD patients were tested in their medication ON and OFF state. Forward and backward 
stepping responses were quantified in terms of (1) presence, onset and amplitude of 
anticipatory postural adjustments (APAs); (2) spatiotemporal step variables (step onset, 
length and velocity); and (3) leg inclination angle at first stepping-foot contact. When 
perturbed forward, PD patients demonstrated a reduced step length and lower step 
velocity. The number of forward steps with an APA was larger in patients in the OFF 
state than in controls. Following backward perturbations, leg angles at foot contact were 
smaller in patients compared to controls reflecting a poorer mechanical efficiency of the 
step. These PD-related impairments did not improve with dopaminergic medication. 
These results suggest that interventions other than dopaminergic medication are nee-
ded to improve the underscaling of reactive stepping responses in PD patients (and, by 
inferral, to help reduce the incidence of falls in daily life as well). 
geNerAl DISCuSSIoN
understanding neural control of postural muscle responses
When balance is perturbed, fast ‘automatic’ (<200 ms latency) postural responses (APR) 
in leg and trunk muscles are the first line of defense to prevent falling.42,178,286,308 There 
is extensive evidence that the brainstem regions play an important role in generating 
these responses. The most direct information comes from a study demonstrating that 
the decerebrated cat can still generate highly coordinated and directionally tuned pos-
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tural leg muscle responses.112 The finding that neurons in the pontomedullary reticular 
formation (PMRF) are highly responsive to postural perturbations in the cat suggests 
involvement of this brainstem region in generating APRs.267 In addition, the cerebellum 
was found to be involved in scaling the postural response magnitude to the expected 
magnitude of the perturbation.278
Studies using PD as a disease model provide further insight in neural control of APRs. 
PD patients demonstrate normal postural response latencies, but APR amplitudes have 
shown to be reduced.22,210 Dopaminergic medication failed to normalize these amplitu-
des,22 suggesting that dopamine depletion may not be the primary cause of postural 
response deficits in PD. Instead, deficits in brainstem postural networks may explain re-
duced postural response amplitudes in PD patients, since cholinergic dysfunction of the 
pedunculopontine nucleus PPN has been associated with faller status in PD.29 Further 
studies are needed to directly investigate the association between PPN dysfunction and 
deficits in postural responses in PD.
Another disease model that has provided valuable insight in how postural response 
are controlled is stroke. In chapters 5 and 6 of this thesis I found pronounced deficits 
in paretic leg postural responses in individuals with supratentorial brain lesions due 
to stroke. These findings suggest that also cerebral structures play a role in control-
ling APRs. Delayed and reduced APRs in stroke survivors may result from a reduced 
cerebral drive to the brainstem postural networks.131 This idea is consistent with the 
finding that stimulation of cerebral structures using transcranial direct current stimula-
tion (tDCS) can accelerate postural responses in healthy individuals.207 Hence, cerebral 
structures may serve as a ‘gain regulator’ for brainstem postural responses. 
Remarkably, neural control of postural responses strongly depends on the direction of 
the perturbation. For instance, acceleration of APR onset latencies by startling acoustic 
stimuli was observed following backward and sideways,36,207,210,215 but not following 
forward perturbations.207,215 Although the exact mechanism underlying this directional 
specificity has not yet been identified, it is known that PMRF plays a key role both in 
the generation of postural responses and in the StartReact effect.214,267 It is possible 
that only the circuits involved in resisting backward and sideways perturbations receive 
input from startle pathways within the PMRF. 
Another main finding of this thesis that argues in favor of direction-specific circuitry 
for postural responses is that motor modules for postural responses were differentially 
affected in the paretic legs of stroke survivors (chapter 6). This suggests that cerebral 
involvement is module-specific. I identified two distinct paretic leg muscle coordination 
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deficits that were heterogeneously distributed across stroke survivors. Differences 
in lesion location may underlie the heterogeneous distribution of these deficits. One 
deficit that I observed was a reduced early activity of the motor module responding to 
posterolateral perturbations (W2), while the structure of this motor module was intact in 
the paretic leg of all patients. I suggest that reduced early activation of W2 results from 
a reduced cerebral drive to the brainstem circuits that encode this motor module.131 A 
second deficit was that another motor module (W3), normally responding to forward 
perturbations, could not be identified on the paretic side in 40% of the patients. In heal-
thy controls this module was particularly active in the later postural response phases. 
Such longer latency responses are associated with an increased probability of direct 
cerebral involvement.30,131 Hence, the observation that W3 was particularly affected in 
stroke survivors further supports the idea of a more important cerebral contribution to 
this motor module. 
Studies that used electroencephalography (EEG) to record cortical activity have provi-
ded some insight in cortical responses to postural perturbations and their significance 
in controlling APRs. When balance is perturbed, large negative potentials (N1) can be 
observed in the frontocentral cortical areas.129,181,238,295 These potentials resemble the 
‘error-related negativity’ (ERN) observed in response to errors in cognitive tasks.181 In 
addition, the N1 peak is only observed in response to unpredictable perturbations129 
and may thus represent an ‘error-detection signal’ for postural instability. Moreover, the 
timing and amplitude of the N1 peak are not affected by the magnitude of the perturba-
tion. This further supports the idea that the N1 peak is related to detection of instability 
rather than the execution of the motor response. 
Perturbation-induced cortical activity can also be evaluated using functional near-infrared 
spectroscopy (fNIRS). Studies that have used fNRIS reported that both the prefrontal 
cortex (PFC) and SMA were activated in response to balance perturbations.191 SMA 
activation, but not PFC activation, depended on the predictability of the perturbation.191 
In stroke survivors both the PFC and the SMA responded to balance perturbations, ho-
wever, activity was more pronounced in the unaffected hemisphere.192 Stroke survivors 
with poorer clinical balance scores demonstrated lower activation of the SMA (bilateral) 
and of the affected prefrontal cortex,192 which may suggest involvement of the prefrontal 
cortex in the execution of the postural response. However, fNIRS studies cannot provide 
conclusive evidence in that respect due to the poor temporal resolution. Using EEG to 
investigate how activity of different cortical sources is modulated in response to different 
perturbation directions could provide valuable insight in which areas are involved in the 
execution of the postural response.
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Clinical utility of dynamic posturography for individuals with central nervous 
system lesions
Falls are highly prevalent among individuals with central nervous system disor-
ders.2,16,102,125,134,154,160,161,218-220,233,271,272,274,307 Identifying individuals at risk of falls is 
crucial, as particularly those individuals may benefit from fall prevention interventions. 
One of the most important risk factors for falling is postural instability.291,307 Clinical prac-
tice guidelines therefore recommend clinical balance tests, such as the Berg Balance 
Scale, Timed Up & Go test, or the Tinetti Balance and Gait assessment to assess the 
risk of falls.9 These tests, however, have several limitations particularly with regard 
to their sensitivity to detect differences and/or changes in postural instability. In this 
section I will outline how dynamic posturography can overcome some of the limitations 
of existing balance assessments, thereby providing a more sensitive and ecologically 
valid assessment of postural stability.  
One drawback of clinical balance tests is that the scoring is subjective and difficult to 
standardize. Dynamic posturography allows for applying standardized balance pertur-
bations across individuals. The quality of balance recovery responses following these 
perturbations can be quantified objectively and precisely, for instance in terms of body 
configuration at foot contact, reactive step length and/or muscle onset latency.11,41,63,308,309 
Another major drawback of clinical balance scales is that these tests usually evaluate 
the ability to perform voluntary movements, such as reaching, standing with a narrow 
base of support or turning.17,18 Individuals with postural control deficits will, however, 
inevitably use compensatory strategies to complete the required task. For instance, 
even well-recovered stroke survivors have been shown to rely more on their non-paretic 
limb when maintaining upright stance, despite relatively high scores on clinical balance 
tests.289 Hence, some postural control deficits may go unnoticed when using clinical 
balance scales. This lack of sensitivity may explain why clinical balance scores fail to 
mark the transition from non-faller to faller status and why a positive fall history remains 
the strongest predictor of future falls.209 Dynamic posturography, inducing reactive 
postural responses with less likelihood of using compensatory strategies, seems more 
promising in that respect as it can identify postural control deficits in stroke and PD 
populations without clinically detectable postural instability.190  
An important strength of dynamic posturography is its ecological validity. In daily life, we 
experience countless balance perturbations, albeit not always in the form of a moving 
support surface. The ability to restore balance after such perturbations will determine 
whether a fall will occur or not. Reactive stepping is an important saving strategy to 
recover from a balance perturbation. Measuring the quality of those reactive steps using 
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dynamic posturography is therefore an ecologically valid method to assess fall risk. This 
thesis, as well as other studies, have identified step characteristics that were predictive 
of the successfulness of the balance recovery attempt. For sagittal plane perturbations 
body configuration at first stepping-foot contact was identified as a critical predictor of 
successful balance recovery in both healthy individuals as in stroke survivors (chapter 
4).114,309 Such body configuration measures can easily be implemented in a clinical test 
setting as those outcomes have the potential to be derived from one sagittal screenshot 
and could therefore be obtained without full-body 3D kinematic analysis. For sideways 
perturbations, I found that, in stroke survivors, the use of a side step strategy to recover 
balance was associated with better balance recovery capacity (chapter 5). Similarly, a 
previous study found that side stepping was associated with a lower risk of perturbation-
induced falls than crossover stepping in PD patients.143 Based on these findings, I would 
recommend, in future development of clinical test equipment, to assess step quality in 
high-risk populations to identify those individuals at risk of falls.    
therAPeutIC IMPlICAtIoNS For treAtMeNt oF 
PoSturAl StABIlIty IN StroKe SurVIVorS
To what extent should we allow weight-bearing asymmetry in individuals with 
stroke?
Weight-bearing asymmetry (WBA) in favor of the non-paretic leg is common in stroke 
survivors. In some studies this WBA was (weakly) associated with postural instability.86 
Therefore, some interventions attempt to reduce this WBA, for instance using a shoe lift 
or visual feedback of weight distribution across both legs.45,293 It has been suggested, 
however, that WBA could just as well serve as a compensatory strategy to improve 
some aspects of postural instability.289 In this section, I will discuss the effects of WBA 
on the different aspects of postural (in)stability. 
Under static conditions, both legs normally work together in maintaining upright stance 
by generating corrective joint torques. In healthy individuals, the amplitude of these 
corrective actions is increased with greater loading of a leg.179,289 Amplitude scaling 
of balance corrective actions across weight-bearing conditions is severely impaired 
after stroke.179 Furthermore, the amplitude of the corrective torques is substantially 
lower under the paretic than under the non-paretic leg,246,289 even when instructed to 
stand as symmetrically as possible.246 Another study that hints at a reduced quality of 
the balance correcting actions under the paretic leg is the study by Mansfield,169 who 
revealed poor synchronization between center of pressure trajectories under the paretic 
and non-paretic leg. This indicates that in stroke survivors the legs less adequately work 
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together in controlling balance as opposed to healthy individuals, in whom the center 
of pressure trajectories are almost perfectly synchronized.169 Together, these results 
suggest that static postural control of the paretic leg is severely impaired. Hence, a 
(slightly) asymmetrical stance in favor of the non-paretic leg may be advantageous 
for postural stability under static conditions, as it could potentially enhance the kinetic 
contribution of the non-paretic leg. This idea is supported by my findings in a large 
cohort of stroke survivors (n=70, Figure 1). I first observed that individuals with poorer 
leg motor score stood more asymmetrically (more weight on non-paretic leg) than those 
with higher motor scores (R2=0.39, left). Yet, these more asymmetric individuals did 
not demonstrate poorer stability as evidenced by the absent association between WBA 
and postural sway (R2=0.035, right). I suggest that individuals with poorer leg motor 
scores may have adopted a more asymmetric stance towards the non-paretic side, to 
compensate for their paretic leg deficits. However, studies that investigate the effect 
of different imposed WBA conditions on overall postural sway in stroke survivors are 
needed to confirm this hypothesis. 
Figure 1. Association between weight-bearing asymmetry, Fugl Meyer score and static postural 
sway. Left: Association between WBA and Fugl-Meyer score. Right: Association between WBA and 
COP velocity in the anteroposterior direction. WBA is expressed as % body weight on the non-paretic 
leg. COP = center of pressure.
In chapter 3 I investigated the effect of WBA on the ability to recover balance with a feet-
in-place response (stepping threshold). I hypothesized that stepping thresholds would 
be particularly reduced towards the paretic side and that paretic leg unloading would 
help to enhance those stepping thresholds. Indeed, I found that WBA resulted in higher 
(i.e. better) stepping thresholds towards the paretic side, which went hand in hand with 
reduced stepping thresholds towards the non-paretic side. However, in contrast with 
my hypothesis I found that, in a symmetric weight-bearing condition, stepping thres-
holds were on average not reduced to the paretic compared to the non-paretic side. 
Particularly those individuals with more severe leg motor impairments demonstrated a 
larger asymmetry in frontal plane stepping thresholds in favor of the non-paretic leg. I 
suggest that particularly those individuals may benefit from some paretic leg unloading 
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to achieve more symmetrical stepping thresholds towards the paretic and non-paretic 
side. 
Stepping is an important saving strategy to overcome balance perturbations in daily life 
situations. I therefore also investigated the effect of paretic leg unloading on the choice 
of the stepping leg (chapter 3). Following perturbations towards the paretic side, some 
people after stroke were able to use a side step to recover balance, whereas no side 
steps were observed in this direction when starting from a symmetrical weight-bearing 
condition. Previous studies143 as well as chapter 5 demonstrated that side steps are as-
sociated with more efficient balance recovery than crossover steps. The larger number 
of side steps towards the paretic side can thus be regarded as a benefit of paretic 
leg unloading in stroke survivors. Following sagittal plane perturbations, I observed an 
increased frequency of paretic steps in stroke survivors when this leg was unloaded 
prior to the perturbation. This may impair step quality as paretic steps are probably of 
poorer quality.227 In addition, even the quality of non-paretic steps may be negatively 
affected when this leg is loaded prior to the perturbation. In a cross-sectional study of 
Inness et al.,127 it was found that greater pre-perturbation loading of the non-paretic 
stepping limb was associated with later reactive step onset. These later step onsets 
were associated with an increased frequency of perturbation-induced falls. Given the 
large number of factors involved in WBA-related effects on step reactive quality, there is 
a need for future studies to directly examine step quality across different weight-bearing 
conditions in patients with stroke.  
Alternatively, WBA in stroke survivors may result from a ‘perceptual deficit’. Previous 
studies have shown that the verticality perception of the long body axis is often tilted 
towards the paretic side in individuals with cerebral lesions.12,231 This perceptual deficit 
is associated with a weight-bearing asymmetry in the opposite direction (R2=0.44).12 
Hence, WBA after stroke may, to some extent, be interpreted as a compensatory me-
chanism for an impaired verticality perception as well.
Taken together, WBA can affect the various aspects of postural (in)stability in stroke sur-
vivors differently. From several perspectives, WBA can be considered a compensatory 
strategy rather than a primary postural deficit. The effects of WBA on postural stability 
may depend on the severity of stroke-related impairments, with greater potential bene-
fits for more severely affected individuals. Hence, it is not possible to define an ‘optimal 
weight distribution’ for people after stroke. Instead, clinicians should be aware of the 
‘pro’s and con’s’ of WBA as outlined in this section and take these into account when 
setting individual goals for balance rehabilitation.  
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Identifying patient-specific muscle coordination deficits to facilitate targeted 
rehabilitation after stroke
Typically, stroke is a heterogeneous disease with many possible sensorimotor impair-
ments. Due to this heterogeneity, it remains a challenge to develop therapeutic inter-
ventions for stroke survivors, as also responses to treatment can vary greatly across 
individuals. This may explain why balance training programs with similar exercises for 
all participants are not effective in reducing the number of falls in stroke survivors.299 I 
expect that interventions aimed at improving patients’ individual postural control deficits 
may have a greater potential to reduce the number of falls after stroke. In order to 
develop such interventions, more insight in patient-specific postural control deficits is 
needed. 
In chapter 6 I have demonstrated that postural control deficits are indeed heterogene-
ously distributed across people with stroke. I identified two distinct deficits in muscle 
coordination of postural responses, that were each associated with a direction-specific 
pattern of postural instability. First, I found that, if the motor module consisting of the 
hamstrings and erector spinae was missing on the paretic side, individuals demonstra-
ted larger postural sway in response to forward perturbations. Second, reduced early 
activation of another motor module (tibialis anterior, peroneus, rectus femoris) on the 
paretic side was associated with increased postural sway in response to posterolateral 
perturbations (i.e. backward and towards the paretic side).
It remains to be investigated whether the muscle coordination deficits as identified in 
chapter 6 indeed respond differently to training interventions. Previous results obtained 
during gait in children with cerebral palsy are promising in this respect, as muscle coor-
dination deficits were strongly associated with smaller improvements in gait speed and 
gait quality following rehabilitation.258 For postural stability, perturbation-based training 
programs that target individuals’ ‘affected’ perturbation directions may have the potential 
to improve postural stability and reduce the propensity to fall in those specific directions. 
In addition, I would recommend future studies to investigate muscle coordination during 
reactive stepping as well, as particularly the quality of stepping is severely impaired 
after stroke.64,114,252 Identifying those deficits could be particularly valuable for the future 
development of targeted perturbation-based step training interventions for people after 
stroke.  
therapeutic implications for treatment of postural stability in Parkinson’s Disease
The appendicular motor symptoms of PD, such as rigidity and bradykinesia in the 
extremities, usually respond well to dopaminergic medication.269 However, the effects of 
dopaminergic medication on postural instability are much less evident, and sometimes 
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the medication may even cause a worsening of balance problems. Dopaminergic me-
dication improves performance on clinically performed balance tests such as the pull 
test,168,188,216 but has only minor effects on objectively measured aspects of reactive 
balance control, such as the feet-in-place and stepping responses to suddenly imposed 
postural perturbations.22,63,143,144 The poor effectiveness of dopaminergic medication on 
reactive balance control may be explained by previous findings that hint at a contribu-
tion of non-dopaminergic mechanisms (and, in particular, cholinergic dysfunction) in 
PD-related postural instability.29,138 Consistent with this notion is the fact that several 
recent trials that evaluated the effects of cholinergic medication on gait and postural 
stability showed some promising initial results, including a reduction in the frequency of 
falls and an improvement in the quality of gait.49,99,105 Whether other non-dopaminergic 
drugs can also alleviate postural instability remains currently unclear.
Deep brain stimulation (DBS) is a now widely available treatment option to alleviate 
the symptoms of PD in well-selected candidates.222 The most commonly approached 
targets for DBS are the subthalamic nucleus and the globus pallidus pars interna.222,257 
Stimulation of these sites has no or even adverse effects on feet-in-place and reactive 
stepping responses to postural perturbations.266 DBS targeting the pedunculopontine 
nucleus (PPN) seems potentially effective in reducing the axial symptoms of PD, in-
cluding postural instability.82,197 However, the individual results within and across the 
various studies targeting the PPN are rather inconsistent, possibly due to variability in 
electrode placement or differences in patient selection.197 Further work on improvement 
of surgical techniques for PPN stimulation is thus required.100
Another promising avenue for treating postural instability in PD is exercise. A recent 
meta-analysis demonstrated that exercise interventions can reduce the number of falls 
in PD patients.260 Perturbation-based balance training aimed at improving the quality of 
reactive stepping is of particular interest, since an impaired step quality in PD patients 
does not respond to dopaminergic medication.63,143,144 A recent randomized controlled 
trial (RCT) in older adults demonstrated that such a program can improve the quality of 
reactive stepping.174 Findings from a smaller study in PD patients suggest that perturba-
tion training can also improve reactive step quality in this population.133 Larger RCTs are 
now needed to confirm the effectiveness of perturbation-based balance training in PD.  
Strengths and limitations 
The studies included in this thesis came with both strengths and limitations. As for the 
general strengths, we investigated the effect of two distinct neurological disease models 
on various aspects of balance correcting responses. Together, these findings contribute 
to a better understanding of how balance correcting responses are controlled. Second, 
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we used an innovative analysis technique (muscle synergy analysis) to quantify stroke-
related muscle coordination deficits of postural responses. This technique is particularly 
relevant for stroke survivors, since a stroke typically comes with deficits in coordination 
of voluntary movement. We were able to show that deficits were also present in the 
more automated postural responses, with some motor modules being more affected 
than others. These findings suggest that the role of the cerebral hemispheres in control-
ling postural responses is module-specific. 
An important limitation was that the association between deficits in reactive balance 
and falls in daily life could not be addressed within the available time frame. There 
are, however, preliminary results that are worth discussing. In a large cohort of chronic 
stroke survivors (n=81), I have determined single and multiple stepping thresholds in 
four directions (forward, backward, to paretic and to non-paretic side), using a similar 
experimental protocol to that described in chapter 5. Subsequently, I monitored daily-life 
falls for one year using fall calendars. I hypothesized that poorer balance capacity (i.e. 
single and multiple stepping thresholds) would be associated with an increased risk of 
falls. Figure 2 shows clinical scores and balance capacity outcomes in relation to faller 
status (Upper panels: 0 vs. 1 or more falls; Lower panels: <2 vs. 2 or more falls). In 
contrast to my hypothesis, I found that individuals who fell during the follow-up period 
tended to have better clinical scores and better balance capacity. The differences were 
most pronounced for multiple stepping thresholds where the multiple stepping threshold 
towards the paretic side discriminated between fallers and non-fallers, and where the 
forward multiple stepping threshold was significantly different between multiple fallers 
and those who fell once or less.
Figure 2. Clinical scores and balance capacity in relation to faller status. FMA = Fugl Meyer asess-
ment, TIS = Trunk impairment scale, BBS = Berg balance scale, FW = Forward, BW = Backward, 
PAR = To paretic, NPAR = to non-paretic, * = p<0.05.
179
Summary and General Discussion
10
A possible explanation for the positive association between balance capacity and 
fall risk is that individuals with better capacity may have higher ‘exposure’ to fall risk, 
because their physical capacity allows them to be more active in daily life. Indeed, 
I found that individuals with better balance scores were physically more active (i.e. 
took more steps per day, Figure 3). Physical activity may, thus, be a confounder in 
the association between balance capacity and fall risk. Yet, in my cohort of stroke 
survivors, physical activity as measured with pedometers did not significantly predict 
faller status in addition to balance capacity. Possibly, the number of steps per day is 
not a good measure for ‘exposure’ to fall risk by physical activity, as it does not capture 
the intensity and type of activity. Particularly individuals with impulsive behavior may 
overestimate their physical capacities and employ activities that are not safe for them 
(for instance walk too fast on uneven terrain). Such impulsive behavior has shown to 
be an important predictor for falls in people with intellectual disabilities and PD.75,262 
Nevertheless, outcome measures for reactive balance remain important to consider, 
given the pronounced stroke- and PD-related impairments in reactive balance and their 
fundamental importance for successfully restoring balance after real life perturbations.
Figure 3. Association between balance outcome measures and physical activity levels 
Another limitation of the work presented in this thesis is that stroke-related muscle 
coordination deficits were only investigated for feet-in-place balance recovery respon-
ses (chapter 6). I expect stroke-related deficits in muscle coordination to be even more 
pronounced during stepping. First, I found in chapter 5 that balance recovery capacity 
was more pronounced for stepping than for feet-in-place balance recovery. Second, 
‘traditional EMG outcomes’ were more strongly related to stepping than to feet-in-place 
balance capacity. Finally, cerebral structures are suggested to be more involved in the 
later phases of postural responses (i.e. during the execution phase of stepping),30,131,167 
which would most likely result in greater impairments after cerebral lesions in this parti-
cular phase of the balance recovery response.
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Future directions
An important question that remains to be answered is to what extent stroke-related 
muscle coordination deficits are also present in reactive stepping. A promising study 
in older individuals already demonstrated that muscle coordination following larger 
slip-like perturbations can discriminate between those who successfully recovered and 
those who fell.256  In stroke survivors, paretic leg muscle coordination deficits during 
stepping most likely depend on whether this leg is used as the stance or stepping leg. 
In order to fully capture paretic leg coordination deficits, it is necessary to collect trials 
with the paretic leg as the stance as well as the stepping leg across a wide range of 
perturbation directions. Yet, this might be a challenge, because not all stroke survivors 
are able to step with the paretic limb when instructed to do so.227 
As a future clinical direction, it is important to identify patients at risk of falls, since 
particularly these individuals will benefit from fall preventive interventions. Future stu-
dies investigating balance recovery responses in relation to daily life falls should take 
into account the different aspects of ‘exposure’ to fall risk. In this thesis I attempted to 
capture exposure level by physical activity quantified as the number of steps per day. 
Most likely exposure to fall risk by physical activity also depends on the intensity of the 
activity, which is not captured in step count. Activity monitors using accelerometry are 
promising tools to better quantify the intensity of physical activity. Moreover, behavioral 
factors (cautious vs. impulsive behavior) and environmental factors may also contribute 
to fall risk. Hence, I suggest that future studies in individuals with stroke and PD should 
address the complex interplay between balance capacity, activity level, and behavior as 
risk factors of falls.
Conclusions
The work presented in this thesis contributes to the understanding of neural control 
of balance correcting responses by studying two complementary disease models with 
distinct anatomical lesion locations. Patients with Parkinson’s disease, which affects the 
extrapyramidal areas of the brain, demonstrated underscaling of postural muscle re-
sponses and reactive steps. The findings of chapters 8 and 9 in this thesis indicate that 
these observed deficits cannot be attributed to dysfunction of the dopaminergic system 
or brainstem circuitry involved in the StartReact phenomenon. Hence, other neural 
circuits, such as the cholinergic system, presumably underlie underscaled balance cor-
recting responses in PD. Balance correcting responses due to stroke are also of smaller 
amplitude, but in addition, exhibit notable delays compared to those in healthy control 
subjects. Interestingly, these delays are more pronounced for some motor modules than 
for others. As each module is recruited in response to specific perturbation directions, 
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this observation indicates that the role of the cerebral hemispheres in postural control 
may be direction-specific.
A common observation in both disease populations was that the quality of balance 
correcting steps was impaired. These steps are crucial to prevent a loss of balance 
from becoming a fall in daily life situations. The work presented in this thesis has iden-
tified key characteristics of stepping that are associated with less successful balance 
recovery capacity, which findings are promising for the future development of diagnostic 
tests aimed at identifying people at risk of falls. 
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Dit hoofdstuk geeft een Nederlandse samenvatting van het proefschrift en is bedoeld 
voor de lezer zonder uitgebreide achtergrondkennis. Een uitgebreide samenvatting is 
terug te vinden in de ‘Summary and general discussion’.
Balansproblemen, ook wel posturale instabiliteit genoemd, is een veel voorkomende 
risicofactor voor vallen bij ouderen en mensen met een  neurologische aandoeningen. 
Helaas is er nog relatief weinig bekend over de onderliggende mechanismen van balans-
problemen, waardoor de behandelmogelijkheden beperkt zijn. In dit proefschrift heb ik 
balanscontrole mechanismen bestudeerd bij mensen na een CVA (cerebrovasculair ac-
cident ofwel beroerte)  en bij mensen met de ziekte van Parkinson. Beide ziektebeelden 
betreffen een hersenaandoening, maar zijn deels verschillend in de hersengebieden 
die zijn aangedaan. Een CVA treft vaak onder andere het pyramidebaansysteem, terwijl 
de ziekte van Parkinson het extrapyramidale systeem betreft. Door de effecten van 
beide aandoeningen op de balans te onderzoeken kan meer inzicht verkregen worden 
in de rol van de verschillende hersengebieden in de balanscontrole. De balanscontrole 
heb ik onderzocht met behulp van de Radboud Valsimulator, een groot beweegbaar 
platform wat met abrupte bewegingen de proefpersoon uit balans kan brengen. De 
reactie van het lichaam op deze balansverstoringen, in de vorm van spieractiviteit of 
lichaamsbewegingen kan nauwkeurig in kaart worden gebracht.
Deel 1: BAlANSProBleMeN NA eeN CVA
De invloed van gewichtname asymmetrie op de balans
Bij mensen met een CVA zien we vaak dat ze minder gewicht nemen op het aangedane 
been dan op het gezonde been. In hoofdstuk 2 en 3 heb ik onderzocht hoe deze 
gewichtname asymmetrie de balans beïnvloedt. Hoofdstuk 2 beschrijft een literatuur-
studie naar de mate van associatie tussen gewichtname asymmetrie en  balans bij 
mensen met een CVA. Mensen met meer gewichtname asymmetrie hadden over het 
algemeen een slechtere balans en het aangedane been deed minder goed mee aan de 
aan de balanshandhaving. Dit verbeterde nauwelijks wanneer deze mensen gevraagd 
werd om meer gewicht te nemen op het aangedane been. Dit laatste doet vermoeden 
dat met name mensen met minder controle over het aangedane been wellicht meer ge-
wicht nemen op het gezonde been om dit beter te kunnen inzetten voor het regelen van 
de balans. Gewichtname asymmetrie is daarmee mogelijk een compensatiestrategie.
In hoofdstuk 3 heb ik onderzocht hoe gewichtname asymmetrie de reacties op een 
balansverstoring beïnvloedt. Aan zowel gezonde deelnemers (hoofdstuk 3A) als 
deelnemers met een CVA (hoofdstuk 3B) werd gevraagd om verschillende gewichts-
186
Chapter 11
verdelingen aan te nemen terwijl de balans verstoord werd in verschillende richtingen 
(voorwaarts, achterwaarts, beide zijwaartse richtingen). Voor elke richting heb ik be-
paald welke mate van verstoring kon worden opgevangen zonder een stap te zetten 
(stapdrempel). Wanneer deelnemers meer asymmetrisch stonden (in de CVA groep 
minder gewicht op het aangedane been) werd de stapdrempel voor verstoringen in de 
richting van het been met minder gewicht erop groter (i.e. beter). Dit ging gepaard met 
een verminderde stapdrempel in de tegengestelde zijwaartse richting. Wanneer deel-
nemers moesten stappen na de balansverstoring werd dit vaker gedaan met het been 
waar minder gewicht op stond. Dit betekent dat mensen met een CVA vaker stapten 
met het aangedane been, wat mogelijk een slechtere stap kwaliteit oplevert. Wanneer 
deelnemers met een CVA meer op het gezonde been stonden slaagden ze er vaker in 
om een zijstap te maken na een verstoring naar de aangedane zijde. Deze strategie 
effectiever voor het herstellen van de balans dan een kruispas. Kortom, gewichtname 
asymmetrie lijkt dus mensen met een CVA te beschermen tegen balansverstoringen 
naar de aangedane zijde, maar heeft een mogelijk nadelig effect heeft op andere as-
pecten van balansherstel.
De kwaliteit van stapreacties bij mensen met een CVA
In hoofdstuk 4 heb ik onderzocht welke stapkarakteristieken het meest van belang 
zijn voor het kunnen opvangen van achterwaartse balansverstoringen bij mensen met 
een CVA. Zowel deelnemers met een CVA als gezonde controles werden blootgesteld 
aan achterwaartse balansverstoringen. De opdracht was om met maximaal 1 stap 
de balans te herstellen. Voor zowel de geslaagde als de gefaalde pogingen werden 
diverse stapkarakteristieken bepaald. De ‘traditionele stapkarakteristieken’, die in 
veel andere onderzoeken gebruikt werden, waren reactietijd (moment van begin van 
de stap), stapgrootte, stapduur en stapsnelheid. Daarnaast heb ik gekeken naar de 
beenkhoek en romphoek op het moment van voetcontact van de eerste stap. Het bleek 
dat been- en romphoek betere voorspellers waren voor succesvol balansherstel dan 
de traditionele stapkarakteristieken. De beenhoek was daarbij het meest voorspellend. 
Been- en romphoek zijn relatief eenvoudig te meten met behulp van een zijwaartse 
video opname. Het zijn daarmee veelbelovende uitkomstmaten voor toekomstige klini-
sche testen gericht op het onderzoeken om balansproblemen te diagnosticeren.
Afwijkingen in posturale responsen bij mensen met een CVA
Wanneer de balans wordt verstoord treden er snelle reacties op in de been- en romp-
spieren. Deze vroege reacties worden ook wel  de posturale respons genoemd. Na een 
CVA zijn posturale responsen in de spieren vaak vertraagd en kleiner in amplitude. In 
hoofdstuk 5 heb ik onderzocht in hoeverre deze defecte responsen invloed hebben 
op capaciteit om van een balansverstoring te herstellen. Deze balansherstel capaciteit 
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werd uitgedrukt in de ‘enkelvoudige stapdrempel’ (grootste verstoring die kan worden 
opgevangen zonder stappen) en de ‘meervoudige stapdrempel’ (grootste verstoring die 
kan worden opgevangen met maximaal één stap). In overeenstemming met de eerdere 
literatuur vond ik dat de posturale responsen in het aangedane been vertraagd waren 
en verminderd in amplitude. De responsen aan de gezonde zijde waren niet verschil-
lend van gezonde controles. Daarnaast werd gevonden dat met name de kwaliteit van 
de stapreacties beperkt was (verminderde meervoudige stapdrempel in alle richtingen). 
De associatie tussen posturale responsen en balansherstel capaciteit was zwak voor 
enkelvoudige stapdrempels en voor meervoudige stapdrempels in de voor- en achter-
waartse richting. De snelheid en amplitude van de posutrale respons in de aangedane 
heupspieren was echter sterker geassocieerd met de meervoudige stapdrempel voor 
verstroringen naar de aangedane zijde. Deze zijwaartse verstoringen werden ofwel op-
gevangen met zijstappen ofwel met kruispassen. De zijstappen resulteerden in hogere 
meervoudige stapdrempels dan de kruispassen, maar werden relatief weinig gezien 
naar de aangedane zijde. Dit wijst erop dat snelle en krachtige aanspanning van de 
heupspieren van belang is voor het opvangen van grote zijwaartse balansverstoringen, 
waarschijnlijk door het mogelijk maken van effectieve zijstappen. 
Waar hoofdstuk 5 ging over de posturale respons in aparte spieren, heb ik in hoofd-
stuk 6 onderzocht hoe de coördinatie tussen spieren tijdens posturale responsen is 
aangedaan bij mensen met een CVA. Om deze vraag te beantwoorden werd de balans 
van deelnemers in 12 verschillende richtingen verstoord en werd de spieractiviteit van 
8 been- en rompspieren per zijde gemeten. Met behulp van een innovatieve reken-
methode (nonnegative matrix factorization) werden spiergroepen geïdentificeerd die 
gelijktijdig actief waren. Zo’n spiergroep wordt ook wel ‘motor module’ genoemd. Drie 
verschillende motor modules waren aanwezig in alle controle personen. Eén van die 
modules (W3: hamstrings en rugspier)  was afwezig in het aangedane been van 4 van 
de 10 mensen met een CVA. Deze deelnemers raakten meer uit balans na voorwaartse 
verstoringen dan andere deelnemers. De mate van activiteit van een andere module 
(W2: voetheffers en bovenbeenspier) was verminderd in het aangedane been bij schuin 
achterwaartse verstoringen. Mensen met een lagere W2 activiteit raakten ook meer 
in balans na schuin achterwaartse verstoringen. De afwijkingen in W2 en W3 werden 
bij verschillende mensen met een CVA apart gezien. Het kunnen onderscheiden van 
deze patiëntspecifieke afwijkingen is van belang voor de ontwikkeling van doelgerichte 
interventies om de balanscontrole bij mensen met een CVA te verbeteren.  
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Deel 2: BAlANSProBleMeN BIJ De zIeKte VAN PArKINSoN
Het tweede deel van dit proefschrift gaat over balansproblemen bij mensen met de 
ziekte van Parkinson. Hoofdstuk 7 is een literatuuroverzicht waarin de meest recente 
ontwikkelingen op het gebied van dynamische posturografie beschreven worden. Met 
de opkomst van grote beweegbare platforms is het mogelijk om snelle balansverstorin-
gen te geven in meerdere richtingen. Ook is het mogelijk om hiermee de stapreacties 
na een balansverstoring te onderzoeken. Dit alles maakt het mogelijk om de omstan-
digheden van vallen in het dagelijks leven te benaderen. 
De rol van hersenstam structuren bij balansproblemen bij de ziekte van Parkinson
In hoofdstuk 8 werd dysfunctie van hersenstamgebieden bij mensen met de ziekte 
van Parkinson onderzocht. Deze gebieden spelen een rol bij bevriezen tijdens het 
lopen bij de ziekte van Parkinson, maar dragen mogelijk ook bij aan balansproble-
men. De functie van de specifieke gebieden in de hersenstam (reticulaire formatie) 
kan onderzocht worden door middel van het ‘StartReact’ fenomeen. Bij het StartReact 
fenomeen wordt een schrikreactie opgewekt, bijvoorbeeld met een luide toon. Wanneer 
deze luide toon tegelijk met een balansverstoring wordt aangeboden is het mogelijk 
om de posturale responsen in de spieren te versnellen. In dit hoofdstuk werd door mid-
del van het StartReact fenomeen onderzocht of dysfunctie van hersenstamstructuren 
ook bijdraagt aan balansproblemen bij de ziekte van Parkinson. Bij deelnemers die 
last hadden van bevriezen van het lopen was het StartReact fenomeen verminderd, 
wat wijst op dysfunctie van hersenstamgebieden. Het StartReact fenomeen was niet 
aangedaan bij mensen met balansproblemen, terwijl zij wel een afwijkende posturale 
respons en een kleinere stapreactie hadden. Op basis van deze bevindingen is het niet 
waarschijnlijk dat dezelfde hersenstamproblemen leiden tot bevriezen van het lopen en 
balansproblemen bij mensen met de ziekte van Parkinson.
Het effect van dopaminerge medicatie op balansherstel reacties bij de ziekte van 
Parkinson
Dopaminerge medicatie wordt vaak voorgeschreven om de symptomen van de ziekte 
van Parkinson te behandelen. In hoofdstuk 9 werd onderzocht of deze medicatie ook 
zorgt voor verbetering van balansherstel reacties. Deelnemers met de ziekte van Par-
kinson werden tweemaal getest: een keer na het overslaan van de ochtend medicatie 
(OFF state) en een keer met hun normale dosis medicatie (ON state). Vergeleken met 
controlepersonen hadden deelnemers met de ziekte van Parkinson een verminderde 
kwaliteit van de stapreactie in voorwaartse richting (verminderde staplengte en -snel-
heid) en in achterwaartse richting (minder gunstige beenhoek). Binnen de Parkinson 
groep werden er echter geen verschillen gevonden tussen de meting in de ON state en 
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in de OFF state. Dit betekent dat er naar andere interventies moet worden gezocht om 
stapreacties bij mensen met Parkinson te verbeteren. Hierbij kan bijvoorbeeld gedacht 
worden aan het trainen van stapreacties.
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